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Introduction 
 
What are evolutionary novelties and how can they evolve? 
The presence of novel traits in organisms and the explanation of how they originate is a 
major problem in biology and an often-used starting point for critics to argue against 
Darwin´s theory of evolution. The definition of an evolutionary novelty remained unclear 
for several decades (Shubin et al. 2009). There were mainly two different approaches to 
define a novelty. The functional approach considers something as a novelty when novel 
functional capabilities arise. For example, the bird wing is a functional novelty because it 
enables the organism to fly. The other approach is structural, defining a novelty as a body 
part that is neither homologous to any body part in the ancestral lineage nor serially 
homologous to any other body part of the same organism (Wagner & Lynch 2010). From 
this structural approach the bird wing itself is no novelty because it is directly homologous 
to the forelimbs of other tetrapods. In a more general approach an evolutionary novelty is 
the origin of a novel body part that may serve a novel function or specialize in a function 
that was already performed in the ancestral lineage (Wagner 2014). These novel characters 
must be adaptive, heritable and must contribute to the survival of the individual. Every 
development of a novel body part is the consequence of changes in genetic signalling. During 
ontogeny cells need proper signals which “inform” them where, when and what they should 
do to form different body parts. Such positional information can be intracellular by inherited 
cytoplasmic factors, embryonic induction through emitted signals from neighbouring cells, 
or gene expression which patterns several domains in the developing body part (Wagner 
2014). Cartilages are the precursors of the majority of the bony skeleton in 
osteognathostomes and a rich resource for the evolution of novelties (Rose 2014).  
Svensson and Haas (2005) hypothesized three possible modes for the evolution of novel 
cartilages in anurans (Figure 1). One way to evolve new cartilaginous structures is so-called 
de novo evolution. A cartilage which arises through de novo evolution can not be 
homologized with any existing cartilage. De novo evolution of transcription factors or a shift 
of the expression domain of transcription factors which are able to induce cartilage formation 
would be a prerequisite to achieving this. Additionally, the new transcription factor 
expression domain must fit into the pre-existing developmental genetic context, which 
makes de novo evolution highly improbable. Furthermore, the authors point out that novel 
cartilages can evolve through the duplication of existing cartilages. The development of 
cartilages is based on a genetic network which regulates proliferation, condensation and 
differentiation of chondrocytes. Through the partial duplication of this genetic network, the 
cartilage precursor population could become divided. This division could result in the 
development of an additional cartilage which is the duplicate of a pre-existing cartilage. In 
addition, a third way of evolving novel cartilages was described. Cartilages can evolve 
through partitioning of existing cartilages during development. Such a partitioning could be 
realized by the development of an additional joint. 
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If an additional joint develops within a continuous cartilage, this joint formation will divide 
the cartilage. The presence of two cartilages instead of one would be the result. Therefore, 
the joint rather than the additional cartilage would represent the actual evolutionary novelty. 
An additional joint formation could be enabled through a heterotopic shift or through de 
novo expression of genes which are involved in joint formation. One aim of the present study 
was to reveal which of these hypothesized three modes could explain the evolution of the 
gnathostome jaw joint by altering the gene expression in different amphibian species. 
 
Xenopus laevis – an amphibian model organism with lack of information 
Model organisms are exemplars of a particular biological system under investigation and are 
assumed to be representatives of a more inclusive taxon (Cannatella & Sá 1993). Such 
organisms are used since the era of the ancient Greeks to study and understand several 
biological issues. Insights from these organisms are often generalized and extrapolated to 
other organisms where experiments are impossible or unethical. This extrapolation is 
enabled by the common descent of all living organisms through the process of evolution and 
the shared developmental and metabolic processes (Fox 1986). Nevertheless, it is important 
to consider that a model organism itself was separated from its ancient lineage a long time 
ago. Through this time, it may have acquired novel traits which differ from those found in 
even closely related organisms. These differences might interfere with the respective 
Figure 1: Hypotheses about the evolutionary origin of novel cartilages after Svensson and Haas 
(2005). A Acquisition of a novel cartilage through de novo evolution. As a result, an additional 
cartilage evolves which is not homologous to any existing cartilage. B Development of an additional 
cartilage through duplication of the existing one. C An additional cartilage can arise through 
subdivision of the existing one. In this case the joint rather than the additional cartilage is the actual 
novelty. 
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experiment, which makes extrapolation of results from one organism to another difficult and 
sometimes even impossible. Additionally, most model organisms were not chosen with 
evolutionary questions in mind (Hanken & Thorogood 1993). Rather the availability or 
simple rearing conditions were crucial for selecting a model organism. The African clawed 
frog Xenopus laevis (Daudin) is used as a model organism, and experimental results in 
Xenopus are often thought to represent all anurans and even all amphibians (Cannatella & 
Sá 1993). The advantages of this species are a wholly aquatic and, in comparison to other 
amphibians, relatively short life cycle with relatively low demands on water quality and 
space. This makes it easy to rear. Mating of Xenopus provides numerous and robust eggs 
which are suitable for microsurgery and microinjections. Also advantageous is the year-
round response to gonadotropin to induce breeding, while other amphibians only breed 
seasonally (Gurdon & Hopwood 2000; Cannatella & Sá 1993; Harland & Grainger 2011). 
The induction of ovulation in Xenopus laevis through the injection of human gonadotropin, 
which is an indicator of pregnancy in humans, was discovered by the British biologist 
Lancelot Hogben. Female frogs injected with urine from pregnant women started to deposit 
eggs 8-12 hours after injection. Until the early 1960´s when immunological methods were 
invented the so-called Hogben test was the most widely used pregnancy test (Gurdon & 
Hopwood 2000). This led to a rapid spread of Xenopus laevis breeding colonies and made it 
a common laboratory animal (Tinsley 2010). The injection of human gonadotropin was also 
used to induce ovulation independent from a seasonal rhythm and enables researchers to 
work continuously on their projects and consolidates its position as a model organism 
because of the constant replenishment of eggs and offspring (Gurdon & Hopwood 2000). 
Despite its wide use in many research fields, from its introduction into science until today, 
some basic knowledge of the development of Xenopus laevis is still missing in the scientific 
record. Especially a comprehensive description of the development of the larval 
cartilaginous head skeleton, although it was often examined, is missing and particular 
descriptions of the larval head are inaccurate or false. The first record of a description of the 
larval head was published by Parker in 1876 and 1879. He described one stage of a 
premetamorphic larval head (Parker 1876; Parker 1879). It was followed by investigation of 
the development of the hyobranchial apparatus (Ridewood 1897) and detailed behavioural 
descriptions with an overview of the conditions for rearing of Xenopus laevis (Bles 1906). 
The specimens reared and collected by Bles were the basis for further investigations of the 
masticatory muscles (Edgeworth 1930) and of external features (Peter 1931). The early 
development of the larval head skeleton was examined by several researchers (Dreyer 1914; 
Kotthaus 1933; Paterson 1939; Ramaswami 1941; Weisz 1945a;  Weisz 1945b). A staging 
table for Xenopus laevis development based on external features from the fertilized egg until 
the adult frog was published in 1956 and constantly later revised (Nieuwkoop & Faber 1994). 
This staging table reveals that the description of early stages of larval head development is 
incomplete. Furthermore, the descriptions differ greatly in precision, morphological 
ontology, accessibility, use of staging system and image quality. Descriptions of initial 
chondrocyte condensations are completely missing, while premetamorphic, metamorphic 
and adult stages are described very well (Trueb & Hanken 1992). In times of numerous 
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techniques which generate morphological phenotypes (Morpholinos, CRISP/Cas etc.) a 
comprehensive overview of the skeletal development is important to detect possible 
heterochronic changes or morphological defects at every stage of this widely used model 
organism. I provide this in Paper I of this Ph.D. thesis. 
Studies on early skeletal development and chondrogenesis in anurans are scarce. Over a 
century ago the development of Rana temporaria, Bufo cinereus, and Pelobates fuscus were 
described from the onset of chondrification until the presence of the larval premetamorphic 
head (Gaupp 1906; Stöhr 1882). Recent investigations focus on the description of single 
stages and lack an end-to-end description of the entire cartilaginous development of the 
larval head skeleton. In other taxa the sequence of larval head skeleton chondrification was 
described recently. Investigations on the sequence of chondrification of the pharyngeal 
arches in chondrichthyes (Gillis et al. 2012; Gillis et al. 2009), in non-teleost 
actinopterygians (Gillis et al. 2012; Warth et al. 2017) and in teleosts (Langille & Hall 1987) 
all come to the same conclusion. The sequence of chondrification during ontogeny follows 
an anterior-posterior pattern. First the mandibular arch derived cartilages develop and are 
followed by hyoid arch derived cartilages. After that pharyngeal arch three-derived 
cartilages develop and so on. Because of this shared developmental sequence, the anterior-
posterior pattern of chondrification is thought to represent the ancestral state of all jawed 
vertebrates. Further investigations of the sequence of chondrification during development 
would make it possible to identify heterochronic shifts, which may lead to novel traits, 
among different taxa. Additionally, such investigations would be an important foundation 
for homologization of the different derivatives of the pharyngeal arches in various 
gnathostome taxa. 
 
Advantages of anurans for the study of skeletal evolution and development 
The larval anuran jaw is unique among vertebrates and its evolution is directly connected to 
the extensive variety of feeding habits found in tadpoles. The acquisition of herbivorous 
feeding modes decouples the larval stage from the carnivorous adults. Along with an aquatic 
lifestyle, the tadpole stage reduces the intraspecific competition between larvae and adults 
and is one key for the evolutionary success of anurans within amphibians (Svensson & Haas 
2005; McDiarmid & Altig 1999). The lower jaw of a typical anuran tadpole consists of two 
paired Meckel´s cartilages (Figure 2). They are horizontally oriented and slightly sigmoidal. 
Caudally Meckel´s cartilage is connected to the palatoquadrate via the jaw articulation. The 
infrarostral cartilage is a paired or single cartilage which is situated between the anterior tips 
of the two Meckel´s cartilages. Between the infrarostral and Meckel´s cartilage an additional 
joint is present. This intramandibular joint is also unique to anurans. Additional structures in 
the jaw enhance the possibilities for evolutionary adaptations and may increase variability. 
Such a changeable condition facilitates the evolution of numerous different feeding modes 
such as filter feeding, rasping, carnivory and many more. 
The tadpole of Xenopus laevis is highly derived and shows pipoid-specific features (Figure 
2). The chondrocranium is broad and flattened and the lower jaw develops precociously. The 
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suprarostral cartilage and its alae are fused to the cornua trabeculae and form a crescent-
shaped plate called the suprarostral plate (De Sá & Swart 1999; Trueb & Hanken 1992). This 
plate supports the tentacular cartilage which only occurs in the upper jaw of Xenopus laevis 
tadpoles. In the lower jaw the infrarostrals are fused medially and articulate with Meckel´s 
cartilage (Sokol 1977). The muscular process is reduced and a lateral process of the 
palatoquadrate is present (De Sá & Swart 1999). Furthermore the commissura 
quadratocranialis is broad and the larval crista parotica is well developed (De Sá & Swart 
1999; Trueb & Hanken 1992). It remains unclear whether the development of these Xenopus-
specific features follow the ancient anterior-to-posterior pattern. 
 
 
 
 
Figure 2: Overview of cartilaginous head structures of anuran tadpoles. A The basic stage of the jaw 
of an anuran tadpole in frontal view. Remarkable is the plate-like suprarostral cartilage, the paired 
infrarostral cartilages and the sigmoidal Meckel´s cartilages. B The basic stage of the cartilaginous 
head structures of an anuran tadpole in lateral view. C The derived state of the Xenopus laevis jaw 
cartilages in frontal view. The infrarostral cartilages are fused and Meckel´s cartilage is rod-like. 
The suprarostral cartilage is fused to the trabecular horns and forms the suprarostral plate which is 
no longer movable. D Lateral view of the larval head of Xenopus laevis. The tentacular cartilage, 
the lateral process of the palatoquadrate, a reduced muscular process and a broad commissura 
quadratocranialis are Xenopus-specific features which underline the derived state of Xenopus laevis 
larvae. 
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Where do the cranial cartilages come from? 
The vertebrate head consists of mainly three components. Two components are endoskeletal 
(neurocranium and viscerocranium) and one is exoskeletal (dermatocranium). The latter 
ossifies without cartilaginous precursors and the endoskeletal components are often initially 
preformed as cartilages which are later replaced by bones through enchondral or 
perichondral ossification. The dermatocranium is of mixed origin (mesodermal and neural 
crest) and is superficial to the neurocranium. It forms the roof of the brain and the lateral 
walls of the skull and the bones of the upper jaw, the palate and the operculum (Gross & 
Hanken 2008). The neurocranium is also of mixed origin. It is the earliest encapsulation of 
the brain and the sensory organs during development and protects them against exterior 
forces. The anterior trabeculae cranii are neural crest derived and the posteriorly situated 
parachordals and otic capsules are derived from the cranial mesoderm (Couly et al. 1992). 
The viscerocranium consists of the pharyngeal arches which give rise to important structures 
of the vertebrate head. The rostral-most arch is involved in the evolution and development 
of the gnathostome jaw and therefore called the mandibular arch (Shigetani et al. 2005). It 
consists of the dorsal palatoquadrate and the ventral Meckel´s cartilage. The pharyngeal 
arches are neural crest derived (Jiang et al. 2002; Olsson & Hanken 1996; Gross & Hanken 
2008). The neural crest is an embryonic tissue of pluripotent cells which is unique to 
vertebrates. Neural crest cells are highly movable and capable of developing into a variety 
of different cell types (Bronner & LeDouarin 2012). The neural crest develops during 
ontogeny at the border of the neural plate where the cells are specified by combinatorial gene 
expression. After that they pass through a nearly complete epithelial-to-mesenchymal 
transition and begin to delaminate. They migrate in three molecularly distinct streams, which 
arose in the vertebrate stem (Square et al. 2016), along determined pathways in the 
developing head to their final position where they differentiate dependent on local gene 
expression into the respective cell type (Bronner & LeDouarin 2012). The chondrogenic fate 
is regionalized within the cranial neural crest. The anterior regions contribute to the anterior 
cartilages of the head skeleton and posterior regions to posterior cartilages (Olsson & 
Hanken 1996). The anterior stream of neural crest cells, the mandibular stream, gives rise to 
the palatoquadrate, Meckel´s cartilage and the rostral cartilages in anurans. A second stream, 
the hyoid stream, gives rise to the ceratohyal and the basicranial plate, whereas the posterior 
stream, the branchial stream gives rise to the branchial basket. The posterior basicranial 
plate, the otic capsules, the basihyal and the basibranchial are not derived from the cranial 
neural crest (Olsson & Hanken 1996; Sadaghiani & Thiébaud 1987). The otic capsules are 
at least partially neural crest derived (Gross & Hanken 2008). The cranial neural crest and 
its pluripotent cells are unique to vertebrates and enable them to develop a large variety of 
different cell types. During vertebrate evolution various cell types which were present in 
non-vertebrate chordates and invertebrates were unified by the neural crest, which shows 
combined mesenchymal and ectodermal features. Therefore, the neural crest is often seen as 
the “fourth germ layer” because this novel cell population transformed the triploblastic 
chordate body plan into a complex quadroblastic one and led to a diversification of cell types 
(Bronner & LeDouarin 2012). 
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Early Hox and dlx expression pattern the developing gnathostome embryo 
The shape of neural crest derived cartilages 
in the head of larval anurans depends on the 
existence of mainly two patterning 
processes in cranial neural crest progenitor 
cells (Figure 3). A patterning program 
exists which defines the anterior-posterior 
identity of the pharyngeal arches. Another 
program defines the dorsoventral identity 
within each of the pharyngeal arches. The 
expression of the so-called Hox genes 
establishes a gradual anterior-posterior 
pattern before the cranial neural crest 
progenitor cells begin to migrate. The 
expression of Hox genes provide positional 
information on which the morphological 
differentiation of the different pharyngeal 
arches is based (Rijli et al. 1993; Couly et 
al. 1998; Pasqualetti et al. 2000). Hox genes 
are expressed in a nested pattern along the 
anterior-posterior axis in gnathostomes. 
The first pharyngeal arch, which forms the 
jaw in all vertebrates except mammals, is 
defined by the absence of Hox transcripts 
(“Hox code-default”) and the second 
pharyngeal arch is defined by the 
expression of Hoxa2. With every arch one 
Hox gene more is expressed and the 
combination of expressed Hox genes act as 
a combinatorial code for the specific arch 
(Kuratani 2012; Baltzinger et al. 2005; 
Minoux et al. 2010). This patterning 
program was present at the base of the 
gnathostomes, whereas in the agnathans, 
which lack jaws and have uniform 
pharyngeal arches, a more primitive Hox 
code is present. Only two Hox genes are 
expressed in the agnathan lamprey which 
define the Hox-free first pharyngeal arch, the second pharyngeal arch and the following 
pharyngeal arches 3-9 (Takio et al. 2004; Takio et al. 2007; Kuratani 2012; Shigetani et al. 
2005). Both Hox codes share a common vertebrate ancestor but the differences in the Hox 
Figure 3: Comparison of dorsoventral and anterior-
posterior patterning gene expression. A Reconstruction 
of the expression in a hypothetical vertebrate ancestor 
based on the expression patterns in lamprey and 
zebrafish. B Gene expression in a hypothetical 
gnathostome ancestor. C Gnathostome state of 
dorsoventral and anterior-posterior patterning. 
Expression based on Square et al. (2016), Shigetani 
(2005), Kuratani (2012) and Depew (2002). 
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code of agnathans and gnathostomes are one reason for the uniform morphology of the 
agnathan pharyngeal arches and the emergence of pharyngeal arches which are able to 
develop and evolve independently from each other in gnathostomes. Thus, the Hox code of 
gnathostomes is one requirement for the evolution of the gnathostome jaw, as it enables the 
first pharyngeal arch to develop independently from the posterior arches. 
Each pharyngeal arch which is defined by the expression of Hox -genes is patterned in the 
dorsoventral direction through the nested expression of dlx genes (Beverdam et al. 2002; 
Depew et al. 2002). The evolution of this patterning program is considered to have been 
essential for the evolution of a distinct jaw joint because lampreys lack a gnathostome-like 
dlx-mediated dorsoventral patterning (Shigetani et al. 2005; Depew et al. 2002). A nested 
dlx pattern was present in the vertebrate ancestor but evolved differently in agnathans and 
gnathostomes (Square et al. 2016). Through the dlx-code three nonoverlapping domains are 
established within each pharyngeal arch in gnathostomes (ventral, intermediate and dorsal 
domain). The dorsal domain is established through the expression of dlx1&2, the 
intermediate domain through the expression of dlx1&2 and 5&6 and the ventral domain 
through the expression of dlx1&2, 5&6 and 3&7 (Depew et al. 2002). This patterning enables 
locally restricted expression of regulators downstream of the respective dlx gene. This could 
lead to the independent evolution and development of each domain within a pharyngeal arch. 
In gnathostomes, hand2 is expressed most ventrally in the ventral domain of the first 
pharyngeal jaw. Its expression is restricted dorsally by the barx1 expression domain. In the 
intermediate domain, which gives rise to the jaw joint, bapx1 is expressed (Nichols et al. 
2013). This gene is thought to play a major role in the evolution and development of the 
gnathostome jaw joint (Cerny et al. 2010; Square et al. 2015). 
Together the two patterning processes form a grid which enables independent inter- and 
intra-pharyngeal arch development. Each pharyngeal arch can evolve more or less 
independently from the other pharyngeal arches. Even within one pharyngeal arch, 
morphological differences are possible through the establishment of different domains. Both 
patterning systems are a crucial requirement for the evolution of the jaw. A jaw per definition 
is the connection of a dorsal and a ventral element via a joint. To achieve this, skeletal 
elements must be present. This is warranted through the neural crest cells, which develop 
into chondrocytes and distinct pharyngeal arches during development. Furthermore, the 
anterior pharyngeal arch must evolve independently from the other pharyngeal arches. 
Therefore, the hox-code is needed. At least a dorsal and a ventral element have to develop 
independently and in between a region must be present which develops into a joint. Through 
the dlx-code, which defines three distinct domains, the latter point is also possible. Now only 
proper regulatory elements which can induce joint development are needed. 
 
Bapx1 homologs are widespread within distantly related phyla 
Bapx1 is part of the NK family of homeobox genes (Kim & Nirenberg 1989). Genes which 
belong to the NK family were present in the last common ancestor of sponges, cnidarians 
and bilaterians and they were the foundation for the emergence of the developmentally 
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important hox genes (Larroux et al. 2007). Homologs of the basal bapx1 are present in many 
distantly related taxa (Figure 4). Bapx1 was first identified in Drosophila melanogaster (Kim 
& Nirenberg 1989). It is expressed in the dorsal mesoderm during midgut formation and 
regulates the specification of the visceral mesoderm. It subdivides the mesoderm and is an 
important factor in midgut musculature formation (Azpiazu & Frasch 1993). In amphioxus 
a homologous bapx1 is initially expressed in the medial somite. In the early larvae it is 
expressed in the pharyngeal endoderm in the area where the first gill slit arise during further 
development (Meulemans & Bronner-Fraser 2007). In lamprey bapx1 is expressed in the 
Figure 4: Bapx1 expression in different distantly related taxa. Bapx1 expression domains are based 
on in situ hybridisation data (Stathopoulos et al. 2004; Meulemans & Bronner-Fraser 2007; Cerny 
et al. 2010; Compagnucci et al. 2013; Miller 2003; Square et al. 2015; Tribioli et al. 1997). 
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epidermis of the ventral pharynx but it is not expressed within the first pharyngeal arch 
(Cerny et al. 2010). In the shark Scaliorhinus canicula, the homologous ScBapx1 is 
expressed in the first pharyngeal arch around the maxillary-mandibular constriction. In the 
caudal pharyngeal arches ScBapx1 is expressed in the endoderm and ectoderm associated 
with the pharyngeal clefts (Compagnucci et al. 2013). In zebrafish bapx1 is also expressed 
in an intermediate domain of the first pharyngeal arch and in the pharyngeal clefts of the 
pharyngeal arches 2-6 (Miller 2003). The anuran homologous gene xbap (Xenopus bagpipe) 
is expressed ventrolateral to the oral cavity in the first pharyngeal arch, precisely where the 
primary jaw joint develops later. Additionally, it is expressed in the endoderm of the 
pharyngeal pouches of the pharyngeal arches 3-5 and in the anterior gut mesoderm (Square 
et al. 2015; Newman et al. 1997). The expression domain is clearly reduced in mice. Bapx1 
is expressed in a small intermediate domain of pharyngeal arch 1 between the postero-dorsal 
tip of Meckel´s cartilage and the antero-ventral tip of the palatoquadrate and in a respective 
domain in pharyngeal arch 2 (Tribioli et al. 1997). Bapx1 is also expressed in the early 
ontogeny of humans (Yoshiura & Murray 1997). Mutations, expression imbalance and 
epigenetic dysregulation of bapx1 are thought to lead to serious skeletal disorders such as 
oculo-auriculo-vertebral spectrum and spondylo-megaepiphyseal-metaphyseal dysplasia 
(Hellemans et al. 2009; Fischer et al. 2006). The incorporation of bapx1 into the first 
pharyngeal arch, which gives rise to the jaw joint, at the origin of the gnathostomes strongly 
suggests a role for bapx1 in the evolution of that joint. Unfortunately, the results from 
knockdown experiments in different gnathostome taxa are contradictory.  
In zebrafish the functional knockdown of bapx1 leads to the fusion of Meckel´s cartilage 
and the palatoquadrate and thereby to the loss of the primary jaw joint. Furthermore, the 
retroarticular process of Meckel´s cartilage (the process which forms the articulation with 
the articular process of the palatoquadrate) and the retroarticular bone which ossifies 
perichondrally on the retroarticular process are lost after knockdown of bapx1 in zebrafish 
(Miller 2003). Based on these results bapx1 was hypothesized to specify the jaw joint. The 
gain of bapx1 function through the knockdown of the bapx1 antagonist barx1 in zebrafish 
leads to the formation of ectopic joints (Nichols et al. 2013). This substantiates the joint 
inducing/forming function of bapx1 in actinopterygians. Unfortunately, the inactivation of 
bapx1 in mice did not lead to the fusion of the homologues of Meckel´s cartilage and 
palatoquadrate. The nonmammalian primary jaw articulation has been  replaced in mammals 
by a secondary jaw joint which develops between the squamosal and the dentary (Fleischer 
1978; Allin & Hopson 1992). The former elements which form the jaw articulation in 
nonmammalian vertebrates became incorporated into the mammalian middle ear such that 
Meckel´s cartilage is homologous to the malleus and the palatoquadrate is homologous to 
the incus (Reichert 1837). Based on the results in zebrafish, bapx1 inactivation should lead 
to loss of the articulation between malleus and incus, but the articulation remains 
unperturbed after bapx1 inactivation in mice. This contradicts the results from zebrafish and 
raises the question if bapx1 is the main reason for the evolution and development of the 
primary jaw joint. To gain further insights into this specific question, the function of bapx1 
in further organisms needs to be tested. Amphibians have a unique phylogenetic position 
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because they are the most basal branch of tetrapods and the only terrestrial anamniotes. This 
specific position makes amphibians interesting for evolutionary and developmental issues. 
It is possible that downstream targets of bapx1 evolved during the evolution of mammals, 
which could explain the unexpected results in mice. But it can not be excluded that in early 
evolution either bapx1 or its up- and downstream targets changed their function. To address 
this question this work presents data from an additional taxonomic group, the amphibians, 
which were gathered in gain-of-function and loss-of-function experiments of bapx1 in 
Xenopus laevis, a derived anuran species, in Bombina orientalis, a more basal anuran species 
and in Ambystoma mexicanum, an urodele amphibian. Some aspects of dlx and hox 
patterning are conserved between agnathans and gnathostomes. It can be expected that 
precursors of these patterning programs were present in their last common ancestor. This 
pattern may have been dividing the cranial neural crest cells into several domains, which are 
specified by a combination of specific genes in all pharyngeal arches. From this ancestral 
pattern agnathans and gnathostomes evolved in different directions. In agnathans no jaws 
evolved, in contrast to in gnathostomes. The expression of bapx1 may be one reason. Bapx1 
was exclusively co-opted to the intermediate first pharyngeal arch domain and disrupted the 
ancestral continuous Barx expression. This co-option of bapx1, a gene which inhibits 
cartilage formation, refined the prepatterned ancestral dorsoventral pattern and the following 
recruitment of specific joint forming genes (e.g. gdf5, gdf6, gdf7) may have been a key to 
the evolution of the gnathostome jaw (Cerny et al. 2010). Gnathostome bapx1 first 
pharyngeal arch expression depends on dlx function which defines an intermediary domain 
where bapx1 is expressed (Talbot et al. 2010). The expression domain in the first pharyngeal 
arch, together with the results from knockdown experiments in different taxa, strongly 
suggest a role for bapx1 in the evolution and development of the jaw joint, but additional 
data from amphibians is needed to test this hypothesis. 
Aims of this study 
A general overview of the development of a frequently used model organism was the starting 
point for this work to interpret the following experimental results. The present work wants 
to provide further insight on the underlying mechanisms of evolution through the 
combination of classic morphological techniques and modern molecular methods. Another 
goal of this work is to offer new pieces of evidence to understand vertebrate evolution. The 
interpretation of ontogenetic malformations shall explain phylogenetic changes of several 
structures. Further goals are: 
➔ To reveal a possible mechanism able to generate evolutionary novelties. 
➔ To provide a comprehensive overview on the early skeletal development of Xenopus 
laevis. 
➔ To investigate the function of bapx1 in different amphibian taxa. 
➔ To confirm the joint inducing and cartilage preventing function of bapx1 during 
ontogeny. 
➔ To define the role of bapx1 for the evolution of the primary jaw joint and for 
evolutionary novelties in general. 
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Chapter 1 
 
Sequence and timing of early cranial skeletal development in 
Xenopus laevis 
 
The paper gives an overview of the early development of the cartilaginous head skeleton in 
Xenopus laevis tadpoles from the onset of chondrification until the premetamorphic stage. 
The timing and sequence of chondrogenesis in Xenopus laevis presented here offers a 
powerful tool for developmental biologists which alter skeletal development or which 
investigate the skeletal development in different taxa. The discussion highlights mistakes in 
the available literature about the skeletal development of Xenopus laevis, similarities of the 
pattern of chondrogenesis in anurans and other vertebrates and the late appearance of anuran- 
and pipoid-specific cartilaginous structures. 
 
Paul Lukas & Lennart Olsson 
Published in Journal of Morphology 
 
PL and LO developed the concept and design of the study. PL was responsible for the 
experimental procedures including clearing-and- staining, immunostainings, 3D-
reconstructions as well as histology. Analysis and interpretation of the data mentioned was 
mainly done by PL, who was also responsible for the drafting of the manuscript and its final 
form. LO critically revised the manuscript. 
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Chapter 2 
 
Bapx1 is required for jaw joint development in amphibians 
 
The paper shows that knockdown of bapx1 causes specific primary jaw joint loss in three 
different species of amphibians. Initially a proper jaw joint develops after knockdown but 
the downregulation of bapx1 promotes differentiation of cells in the joint cavity into 
chondrocytes, which leads to the fusion of Meckel´s cartilage and the palatoquadrate during 
further development. This calls the postulated role of bapx1 as a major regulator of jaw joint 
development in question because the results show that bapx1 is rather necessary for jaw joint 
maintenance than for induction of its development 
 
Paul Lukas & Lennart Olsson 
Submitted to Evolution and Development 
 
PL and LO developed the concept and design of the study. PL was responsible for the 
experimental procedures including morpholino experiments, whole mount in-situ 
hybridisation, clearing-and-staining, immunostainings, 3D-reconstructions and histology. 
Analysis and interpretation of the data mentioned was mainly done by PL, who was also 
responsible for the drafting of the manuscript and its final form. LO critically revised the 
manuscript. 
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Abstract 
The acquisition of a movable jaw and a jaw joint are key events in gnathostome evolution. 
Jaws are derived from the neural crest derived pharyngeal skeleton and the transition from 
jawless to jawed vertebrates consists of major morphological changes, which must have a 
genetic foundation. Recent studies on the effects of bapx1 knockdown in fish and chicken 
indicate that bapx1 has acquired such a role in primary jaw joint development during 
vertebrate evolution, but evidence from amphibians is missing so far. In the present study, 
we use Ambystoma mexicanum, Bombina orientalis and Xenopus laevis to investigate the 
effects of bapx1 knockdown on the development of these three different amphibians. Using 
morpholinos we downregulated the expression of bapx1 and obtain morphants with altered 
mandibular arch morphology. In the absence of bapx1 Meckel´s cartilage and the 
palatoquadrate jaw joint initially develop separately but during further development the joint 
cavity between both fills with chondrocytes. This results in the fusion of both cartilages and 
the loss of the jaw joint. Despite this the jaw itself remains usable for feeding and breathing. 
We show that bapx1 plays a role in jaw joint maintenance during development and that the 
morphants morphology possibly mirrors the morphology of the jawless ancestors of the 
gnathostomes 
Keywords: nkx 3.2, xbap, mandibular arch 
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Introduction 
The evolution of joints and the acquisition of a movable jaw are key events in the evolution 
of gnathostomes. Jaws are derived from the pharyngeal skeleton and the transition from 
jawless to jawed vertebrates consists of major morphological changes which must have a 
genetic foundation. A movable jaw enables predation on large and motile prey and the jaw 
consists of several ventral and dorsal elements connected by a joint (Cerny et al., 2010). 
These craniofacial elements are largely derived from pluripotent neural crest cells. The shape 
of the skeletal derivatives of the neural crest depends on partitioning of the precursor cell 
populations along the anterior-posterior and dorsoventral axes. The expression of homeobox 
genes in the cranial neural crest progenitor cells establishes a gradual anterior-posterior 
pattern before migration, which defines specific regions and therefore the shape of the 
cartilages that develop later along the anterior-posterior axis (Baltzinger, Ori, Pasqualetti, 
Nardi, & Rijli, 2005; Kuratani, 2012; Minoux et al., 2010; Pasqualetti, Ori, Nardi, & Rijli, 
2000). The first pharyngeal arch, the mandibular arch, which forms the jaw in all 
gnathostomes except mammals, is defined by the absence of hox transcripts (Couly, Grapin-
Botton, Coltey, Ruhin, & Le Douarin, 1998; Rijli et al., 1993). Nested expression of dlx 
genes patterns the pharyngeal arches in dorsoventral direction (Beverdam et al., 2002; 
Depew, Lufkin, & Rubenstein, 2002). The evolution of such a dorsoventral patterning 
program may have been a keystone in jaw evolution (Depew et al., 2002; Kuratani, 2005). 
It enables locally restricted expression of different regulators. Along the dorsoventral axis, 
the mandibular region is subdivided into three nonoverlapping domains during jaw 
development (Nichols, Pan, Moens, & Kimmel, 2013). Hand2 is expressed ventrally and its 
domain is dorsally restricted by barx1 expression in the subintermediate domain. Dorsally 
bapx1 is expressed in the intermediate domain which marks the future jaw joint (Nichols et 
al., 2013). 
Bapx1, also known as nkx3.2, was first identified in Drosophila and is part of the NK family 
of homeobox genes (Kim & Nirenberg, 1989). In Drosophila it specifies the visceral 
mesoderm during midgut musculature formation (Azpiazu & Frasch, 1993). A homologous 
gene is expressed in the pharyngeal endoderm of the first forming gill slit in amphioxus 
(Meulemans & Bronner-Fraser, 2007). Bapx1 is also expressed in the pharyngeal endoderm 
of lampreys (Cerny et al., 2010). During gnathostome evolution, bapx1 has acquired novel 
functions and craniofacial expression patterns (Lettice, Hecksher-Sørensen, & Hill, 2001). 
Vertebrate homologs of Bapx1 expressed in the first pharyngeal arch have been found in 
numerous vertebrates including Scyliorhinus (Compagnucci et al., 2013),Zebrafish (Miller, 
2003), Xenopus (Newman, Grow, Cleaver, Chia, & Krieg, 1997), Pleurodeles (Nicolas, 
Caubit, Massacrier, Cau, & Le Parco, 1999), chicken (Schneider et al., 1999), Mouse 
(Tribioli, Frasch, & Lufkin, 1997) and human (Yoshiura & Murray, 1997). 
Lampreys and gnathosthomes share a common jawless ancestor. Expression analysis in 
lampreys revealed, that bapx1 is not expressed in the first arch (Cerny et al., 2010). The 
incorporation of bapx1 into a pre-existing dorsoventral patterning program may have driven 
the evolution of the jaw by altering the ancestral intermediate first arch expression pattern 
Chapter 2: Bapx1 downregulation in amphibians 
 
30 
 
(Cerny et al., 2010; Medeiros & Crump, 2012). In zebrafish, bapx1 is regulated by edn1. It 
is expressed in an intermediate domain in the first pharyngeal arch, which later marks the 
jaw joint (Miller, 2003). Functional knockdown of bapx1 in zebrafish revealed that the 
development of the jaw joint, the retroarticular process of Meckel´s cartilage and the 
retroarticular bone all require proper bapx1 function. Absence of bapx1 led to fusion of 
Meckel´s cartilage and the palatoquadrate and therefore to loss of the primary jaw joint 
(Miller, 2003). In mice, bapx1 is expressed during embryogenesis in a region which marks 
the future malleus and incus (Tribioli et al., 1997). In all vertebrates except mammals the 
homologous structures to these middle ear ossicles form the jaw and are connected through 
the primary jaw joint. Unlike in fishes, after inactivation of bapx1 in mice, a proper joint 
formed between malleus and incus. Only the width of the malleus is affected (Tucker, 2004). 
Mutation and the resulting inactivation of bapx1 is proposed to also play an important role 
in humans as it may cause spondylo-megaepiphyseal dysplasia (Hellemans et al., 2009).  
Results from lamprey and zebrafish strongly suggest a role for bapx1 in jaw joint evolution, 
whereas the outcomes of bapx1 knockdown in fishes and bapx1 inactivation in mice show 
large differences. Larval fishes lack a joint after bapx1 knockdown between Meckel´s 
cartilage and the palatoquadrate whereas mice have a functioning joint between Malleus and 
Incus after knockout. The mammalian Malleus is homologous to the retroarticular processus 
of Meckel´s cartilage and the Incus is homologous to the quadrate region of the 
palatoquadrate and both are part of the mammalian middle ear whereas a secondary jaw joint 
is formed between the dentary and the squamosal (Hanken & Hall, 1993). Therefore, the 
bapx1-containing gene regulatory network must have evolved during the evolution of 
tetrapods. Studies in amphibians can increase our knowledge of the function of bapx1 in 
evolution and development because amphibians are basal tetrapods and the only recent land-
living anamniotes. Life on land requires the adaptation of many morphological traits and the 
gene regulatory networks that give rise to them during development. In Xenopus laevis 
bapx1, also known as xbap, is expressed in the intermediate region of the first branchial arch 
surrounding the developing jaw joint (Newman et al., 1997; Square et al., 2015) and shares 
this first pharyngeal arch expression pattern with those observed in zebrafish (Miller, 2003). 
In Xenopus laevis two duplicates of bapx1, nkx3.2-S and nkx3.2-L, are present (Square et 
al., 2015). 
Here we present further investigations on the function of bapx1 in amphibians. To 
investigate its role in jaw joint development we performed functional knockdown of bapx1 
using morpholino antisense oligonucleotides in three amphibian species (Ambystoma 
mexicanum, Bombina orientalis, Xenopus laevis). Our results indicate that bapx1 is involved 
in the correct formation of the primary jaw joint in amphibians. Understanding the 
underlying developmental programs which are involved in generating morphological 
novelties such as the primary jaw joint is interesting from both evolutionary and 
developmental perspectives and could shed light on how an evolutionary novelty can arise 
during evolution.  
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Material and Methods 
Amphibian maintenance 
Xenopus laevis (Daudin), Bombina orientalis (Boulenger) and Ambystoma mexicanum 
(Shaw) were kept in our departmental breeding colony. Males and females were kept 
separately. X. laevis adults were kept at 22°C. To obtain eggs pairs of X. laevis were put 
together over night at 16°C in a darkened basin with lowered water level to induce mating. 
The eggs were dejellied using 2% cysteine hydrochloride. After a cool down period of two 
months at 8°C B. orientalis adults were kept at 22°C and fed ad libitum. After two weeks, 
single pairs were put together under humid conditions over night to induce mating. The eggs 
obtained were dejellied manually. A. mexicanum were kept at 18°C. Single pairs were 
transferred into a basin with fresh water. Ice was added to lower the temperature and induce 
mating. The eggs were dejellied manually. Developmental stages were determined according 
to Nieuwkoop and Faber (Nieuwkoop & Faber, 1994) Ziermann and Olsson (Ziermann & 
Olsson, 2007) for X. laevis, Gosner (Gosner, 1960) for B. orientalis and Schreckenberg and 
Jacobson (Schreckenberg & Jacobson, 1975) for A. mexicanum. 
Morpholino oligo injections 
For each experimental approach described below 30 eggs were used and each experiment 
was performed three times with eggs from different mating pairs (N=90 for each 
experiment). Bapx1 morpholino oligos were derived from the NK 3 homeobox 2 mRNA 
from Xenopus tropicalis provided by NCBI (XM_002940741.4). The sequence from 
Xenopus tropicalis was used because the available sequence from Xenopus laevis contained 
no information about the untranslated region upstream from the start codon, which is 
necessary for proper morpholino design. Two morpholinos which inactivate the two bapx1 
duplicates bapx-MO1 5´-CCTCTGAACATAAAGGGACCCGGGT-3´ (ATG start 
complementary sequence underlined) and bapx-MO2 5´-
GTGCAAAGACCAGTGTCTCTTGGCA-3´ were purchased from Gene Tools, Inc. and 
diluted in autoclaved water to a stock concentration of 1mM (Fig. 1). Subsequent dilutions 
were made to concentrations of 10, 20 and30 µM (bapx-MO1) and 90 and100 µM (bapx-
MO2). Initially both morpholinos were injected separately. To further confirm the specificity 
of the phenotypes obtained both morpholinos were injected together at relatively lower 
concentrations. Injections were performed in 4% Ficoll/ 0,1x MBS. After 4 hours, Xenopus 
laevis and Bombina orientalis embryos were transferred to 0,1x MBS, Ambystoma 
mexicanum embryos were transferred to 1x Steinbergs solution with Gentamycin. For 
unilateral injections, approximately 10 nl was injected into one blastomere at the 2-cell stage. 
For bilateral injections 10 nl morpholino was injected at the 1-cell stage or 5nl morpholino 
was injected into both blastomeres at the 2-cell stage. Fluorescein was co-injected to check 
for proper injection. Only fluorescent specimen were used for further investigations. Injected 
animals were observed daily for phenotypes, dead and unperturbed embryos. The injection 
of 30µM of bapx-MO 1 gave clear phenotypes in X. laevis and was therefore used for further 
phenotypic analyses in A. mexicanum and B. orientalis. For control, a control Morpholino 
oligonucleotide (Co-MO) against human β-globin 5´-
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CCTCCTACCTCAGTTACAATTTATA-3´ (Gene Tools) was injected under the same 
conditions in X. laevis, B. orientalis and A. mexicanum. Anaesthesia was performed 6-10 
days after egg deposition using 1% tricaine methanesulfonate (MS-222) according to the 
animal welfare protocols at Friedrich-Schiller-Universität Jena. Larvae were fixed either in 
4% phosphate-buffered formalin (PFA) or in Dent´s fixative depending on following 
investigations. 
Tissue staining 
After dehydration and embedding in paraffin, PFA-fixed larvae were serially sectioned at 
7µm using a microtome (Microm, HM 355 S). Sections were stained with Heidenhain´s 
Azan technique (Heidenhain, 1915) or nuclear fast red staining (Anken & Kappel, 1992). 
Images were taken with an XC10 Olympus camera mounted on an Olympus BX51 
microscope operated with dotSlide software. Whole-mount clearing and staining was done 
according to Dingerkus and Uhler (1977) without the use of alizarin red due to the absence 
of bones in the investigated stages. Images of cleared and stained larvae (and of unstained 
larvae) were taken using a Zeiss Stemi SV11 and an attached camera (ColorView) operated 
by AnalySIS software. Whole-mount antibody staining was used to specifically stain for 
cartilage and muscle cells. A monoclonal antibody against newt skeletal muscle (12/101) 
and a monoclonal antibody against collagen II (11683-collagen II) were used. Secondary 
antibodies were conjugated with Alexa 488 and Alexa 568 (Molecular Probes). Specimens 
were scanned using a confocal laser scanning microscope (Zeiss LSM 510). The image 
stacks obtained were processed with Amira 6.0.1. and Autodesk Maya® 2017. 
In situ hybridisation  
Whole-mount in situ hybridisations were carried out according to the protocol in Harland 
(Harland, 1991) with few modifications described by Square et al.(Square et al., 2015). NF 
30-40 larvae were treated for 15 min and NF 40-45 larvae were treated for 20 min with 
Proteinase K. BM-Purple (Roche) was used for signal development. Probes of bapx1 and 
sox9 were kindly provided by Jennifer Schmidt. 
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Results 
Bapx1 is expressed in PA1 during chondrocyte differentiation in Xenopus laevis 
Spatial expression of bapx1 is visualized for Ziermann and Olsson stage (ZO) 5 (Fig. 2A) 
and ZO 14 (Fig. 2B). At ZO 5 bapx1 is expressed in the ventral region of the first pharyngeal 
arch (PA1) flanking the cement gland dorsolaterally and marking the precursors of the 
palatoquadrate and the proximal part of Meckel´s cartilage (Fig. 2D). Three stripes of 
expression domains are visible posterior to it. They correspond to the endoderm of the 
pharyngeal pouches of PA 3-5 (Fig. 2E). At ZO 14 a domain of bapx1 surrounds a broad 
region at the level of the palatoquadrate and the proximal Meckel´s cartilage (Fig. 2B). This 
region includes the developing primary jaw joint. bapx1 is also widely expressed on both 
sides of the anterior gut mesoderm at ZO 5 (Fig. 2F) and ZO 14. After knockdown of bapx1 
the expression domains are clearly reduced (Fig. 2C). At the level of PA1 the domain is 
diminished ventrally and dorsally. The expression marking PA 3-5 is completely lost and 
expression in the anterior gut mesoderm is restricted to a small ventral area. The expression 
of sox9 was investigated as a control to identify possible non-specific suppression of 
transcription. N=80 unperturbed and N= 72 tadpoles injected with 30µM bapx-MO1 were 
screened for sox9 disruptions. Sox9 is essential for the specification and differentiation of 
mesenchymal cells toward the chondrogenic lineage (Lee & Saint-Jeannet, 2011). Normally 
developed tadpoles at ZO 5 show typical expression in mesenchyme of the mandibular, 
hyoid, anterior and posterior branchial arches (Fig. 2G). The same expression can be 
observed after knockdown of bapx1 (Fig. 2H). This indicates that the altered temporal and 
spatial expression pattern of bapx1 is a direct result of the knockdown using bapx1 
morpholinos and not a consequence of non-specific transcription suppression. 
Bapx1 knockdown leads to mild head deformation 
Initially bapx-MO1 was injected at different concentrations (10µM, 20µM, 30µM) into X. 
laevis fertilized eggs. No difference in external morphology and a slight increase in mortality 
was observed in Co-MO and larvae treated with 10mM and 20µM bapx-MO1. Larvae treated 
with 30µM bapx-MO1 showed an increased number of phenotypes and increased mortality 
(Table 1). The head of unperturbed X. laevis larvae normally starts to flatten dorsoventrally 
around ZO 14 (Fig. 3D). In 30µM bapx-MO1-treated larvae the head remained more 
roundish and the region around the mouth opening was swollen (Fig. 3A). Injections of 
30µM bapx-MO1 also caused more severe phenotypes, including bent axes and dislocated 
mouth openings (Fig. 3E, F), but at low frequency (N=4). The latter did not survive until 
head cartilages started to chondrify. A second morpholino was then tested as a control. 
Larvae treated with 90µM bapx-MO2 displayed no signs of external deformation. Phenotype 
occurence and mortality was not significantly increased, similar to injections of 10µM and 
20µM of bapx-MO1. Instead, injections of 100µM bapx-MO2 led to roundish heads (Fig. 
3B) and a slightly increased mortality, similar to the results of 30µM bapx-MO2 injections 
(Table 1). The number of phenotypes was also increased compared to 90µM bapx-MO2 
treatment. To further confirm the specificity of the phenotypes, both morpholinos were 
injected at lower concentrations. Injecting 10µM bapx-MO1 alone lead to 10% mortality and 
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4% phenotype occurrence. In combination with 30µM bapx-MO2, mortality was almost 
constant but phenotype occurrence increased to 43%. Coinjection of 20µM bapx-MO1 and 
60µM bapx-MO2 further enhances the occurrence of phenotypes to 65% which showed 
roundish heads (Fig. 3C), similar to the results of MO1 and MO2. 
Jaw joint development depends on bapx1 in amphibians 
X. laevis larvae (phenotypes and normal larvae) that survived until day 6 (NF 44-46), were 
screened for skeletal alterations via clearing and staining (N=703). This technique revealed, 
that the phenotypes that were recognized by external morphology also show changes in the 
mandibular arch. Meckel´s cartilage and the palatoquadrate are fused at the point, where the 
primary jaw joint is located in normal larvae (compare Figs. 4A and B). Uninjected and Co-
MO injected larvae never show this fusion (Table 1). In bapx-MO injected larvae fusion of 
both parts rarely happened at lower doses but joint loss occurred frequently at higher doses 
of both bapx-MO1 and bapx-MO2 (Table 1). Combined injections of both morpholinos at 
lower doses lead to more larvae with loss of the primary jaw joint. Additional unilateral 
injections of 30µM bapx-MO1, 100µM bapx-MO2 and 20µM and 60µM bapx-MO1 and 
MO2 were performed to further confirm the specificity of the jaw joint loss phenotype. 
Unilateral injection of 30µM bapx-MO1 causes a mild deformation of the cranial skeleton 
on the injected side (Fig. 5 A, right side). The processus muscularis is flattened and extends 
more laterally. On the control side, it extends dorsally and is narrower. The lateral projection 
of the suprarostral plate is shorter on the injected side and does not cover Meckel´s cartilage 
in dorsal view as it does on the control side (Fig. 5A). Furthermore, Meckel´s cartilage and 
the palatoquadrate are fused on the injected side (compare Figs. 5B and C). The two parts of 
the lower jaw are connected by a u-shaped cartilaginous band. The processus retroarticularis 
of Meckel´s cartilage and the processus articularis palatoquadrati are not visible. Unilateral 
injection of 100µM bapx-MO2 lead to similar malformations (Fig. 5D). Processus 
muscularis is flattened and the projection of the suprarostral is shortened on the injected side 
(Fig. 5D, right side). The fusion between Meckel´s cartilage and the palatoquadrate is more 
complete and only a small depression is visible dorsally. The processus cornu quadratus 
lateralis of the palatoquadrate is well developed on the control side (Fig. 5E), but fails to 
develop on the injected side (Fig. 5F). Combinatorial injection of 20µM and 60µM bapx-
MO1 and MO2 also lead to a flattened processus muscularis and shortened suprarostral plate 
projection on the injected side (Fig. 5G, right side). Meckel´s cartilage and the 
palatoquadrate are fused and the point of fusion is characterized by a small dorsal depression 
(Fig. 5I). No malformations of the posterior cartilaginous structures were observed. 
Because of the loss of the jaw joint, we expected that the muscles which insert on Meckel´s 
cartilage and enable a proper opening and closing of the jaw might also be malformed. To 
test this, we performed additional unilateral injections. Knockdowns with 30µM bapx-MO1 
showed both low mortality and a high frequency of joint loss. Therefore, we used this 
concentration in X. laevis to detect additional musculoskeletal abnormalities. On the control 
side, the m. levator mandibulae articularis is a short muscle which originates on the anterior 
dorsal surface of the palatoquadrate and inserts on the posterior dorsal surface of Meckel´s 
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cartilage. The m. levator mandibulae longus superficialis originates from the subocular bar 
and inserts on the dorsolateral surface of Meckel´s cartilage anterior to the insertion of the 
m. levator mandibulae articularis. The m. quadrato-hyoangularis originates from the 
anterodorsal surface of the ceratohyal and the lateral surface of the palatoquadrate. Its 
insertion covers the dorsolateral surface of the posterior end of Meckel´s cartilage (Fig. 5J). 
The muscles described have the same origination on the injected side and they all insert on 
Meckel´s cartilage. The insertion of the m. levator mandibulae articularis was shifted 
anteriorly and laterally. It is not bordered by the m. levator mandibulae longus superficialis 
at the point of insertion as it is in unperturbed larvae. The origination of the latter muscle 
was shifted anteriorly. The insertion of the m. quadrato-hyoangularis remains the same as 
on the control side (Fig. 5K). Observation of living tadpoles revealed that malformed larvae 
were able to open and close their mouth in the same typical manner as unperturbed larvae. 
Even with fused lower jaw elements, ingestion and respiration was no problem and 
malformed larvae could survive. 
We wanted to investigate whether the observed jaw joint phenotypes and the bapx1 
dependent jaw joint development in X. laevis represent a common amphibian feature, or 
whether they are a consequence of the highly specialized morphology of X. laevis larvae. To 
test this, we extended our investigations by adding Bombina orientalis and Ambystoma 
mexicanum as two further amphibian representatives. We used 30µM bapx-MO1 to knock 
bapx1 down in both species. Larvae of B. orientalis treated with 30µM bapx-MO1 (N=90) 
show a swollen mouth region similar to X. laevis larvae. Additionally, the mouth opening is 
located more anteriorly than in control larvae (compare Figs. 6A and B). There is no 
difference in the external morphology of a A. mexicanum larvae treated with 30µM (N=90) 
and Co-MO treated larvae (compare Figs. 6C and D). Unilaterally injected B. orientalis 
(N=90) and A. mexicanum (N=90) larvae also fail to develop a joint on the injected side. In 
B. orientalis Meckel´s cartilage is broadly fused to the palatoquadrate and the distal portion 
is partly lost. The ala of the suprarostral is reduced and malformed (compare Figs. 7A and 
B) whereas the infrarostral is not malformed. In A. mexicanum the joint loss is the only 
observed malformation (Figs. 7C and D). 
Jaw joint morphogenesis is altered after bapx1 knockdown 
Having established that Meckel´s cartilage and the palatoquadrate are fused in bapx-MO 
treated amphibians, a logical next step was to investigate how this fusion is established 
during embryonic and larval development. To this end, X. laevis embryos were unilaterally 
injected with 30µM bapx-MO1 at the 2-cell stage. Meckel´s cartilage and the palatoquadrate 
mesenchymal condensation develop and chondrify separately on both the control and the 
injected side (Figs. 8A, B). A gap which is supposed to be the joint cavity is clearly visible 
on both sides between the recently chondrified Meckel´s cartilage and the palatoquadrate at 
ZO 12. Until ZO 14 the joint cavity remains fully opened. On the injected side a small band 
of connective tissue cells becomes visible between the freshly chondrified retroarticular 
processus of Meckel´s cartilage and the processus articularis of the palatoquadrate 
(compared Figs. 8C and D). During further stages this band of dense cells thickens and 
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chondrifies. At ZO 17 Meckel´s cartilage and the palatoquadrate are connected ventrally 
through this band of cartilaginous cells on the injected side (black arrowhead in Fig. 8F). On 
the control side both parts of the lower jaw are separated by the joint cavity. Indeed, a 
ventrally proceeding small band of connective tissue is present between Meckel´s cartilage 
and the palatoquadrate on the control side (Fig. 8E), but shows no signs of chondrification. 
 
Discussion 
The efficiency of the two morpholinos used in this investigation was tested in multiple ways. 
Two non-overlapping morpholinos were used to confirm phenotype specificity. Bapx-MO1 
is antisense to the ATG-containing region of the bapx1 gene, whereas bapx-MO2 was 
designed to bind upstream of the start codon. Therefore, a higher concentration of bapx-
MO2 was needed according to manufacturer’s recommendation. Unilateral and bilateral 
injections of the two morpholinos have shown the same joint loss phenotype in a dose-
dependent manner. For further confirmation of the specificity both morpholinos were 
injected together at relatively lower doses. Combinatorial injection lead to an increase of 
joint loss frequency at lower doses, which further supports the specificity of these non-
overlapping morpholinos. Whole mount in-situ hybridisations of treated specimens both 
show a clear reduction of bapx1 expression after bapx1 knockdown. Sox9 negative control 
in-situ hybridisations show that the morphological changes of the morphants are not caused 
by general retardation. This further supports the specific efficiency of the morpholino used. 
All in all, we have shown, that the morpholino used is able to specifically downregulate 
bapx1 expression and that the obtained morphants, which display loss of the primary jaw 
joint, are a result of bapx1 knockdown. 
Bapx1 expression in the first pharyngeal arch is conserved among gnathostomes 
The spatial expression pattern of bapx1 during development of X. laevis has been 
investigated before (Newman et al., 1997; Square et al., 2015). Our findings confirm the 
presence of bapx1 in the intermediate domain of PA1 in this species. This ventromedial part 
of PA1 marks the area from which the primary jaw joint develops. Expression of 
homologous bapx1 around this area can also be seen in shark, zebrafish, chicken and mouse 
(Compagnucci et al., 2013; Miller, 2003; Schneider et al., 1999; Tribioli et al., 1997). Bapx1 
is not expressed in the intermediate domain of PA1 in lamprey and no expression in the head 
region of the non-vertebrate amphioxus can be seen (Cerny et al., 2010; Meulemans & 
Bronner-Fraser, 2007). The presence of an intermediate domain expressing bapx1 in 
gnathostomes and the loss of the jaw articulation after bapx1 knockdown experiments in 
zebrafish (Miller, 2003), A. mexicanum, B. orientalis and X. laevis (present study) strongly 
suggests a role for bapx1 in the evolution of the primary jaw joint.  
Bapx1 represses cartilage development in the jaw joint  
Loss of the primary jaw joint is the predominant morphant after bapx1 knockdown. Through 
additional testing of bapx-MO in Ambystoma mexicanum and Bombina orientalis, we can 
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confirm that joint loss is not a result of the derived state of Xenopus laevis, nor a feature 
specific to anurans. Instead, the function of bapx1 in intermediate first arch patterning is 
conserved among the amphibians studied. The joint loss phenotype after bapx1 knockdown 
in amphibians is congruent with phenotypes resulting from the knockdown of other genes 
known to be involved in first pharyngeal arch patterning. Barx1 is a gene which is excluded 
from the intermediate domain of the PA1 of X. laevis, zebrafish and mouse (Sperber & 
Dawid, 2008; Square et al., 2015; Tissier-Seta et al., 1995) whereas it is consistently 
expressed in the lamprey PA1, while bapx1 is absent from this arch (Cattell, Lai, Cerny, & 
Medeiros, 2011; Cerny et al., 2010). Overexpression of barx1 in zebrafish revealed, that 
barx1 is able to repress jaw joint formation by promoting cartilage development (Nichols et 
al., 2013). Obtained phenotypes show variable joint loss after overexpression, including 
presence of ectopic chondrocytes in the jaw joint and jaw joint fusion. These phenotypes 
resemble the morphants we obtained after bapx1 knockdown in amphibians. The knockdown 
of bapx1 may have caused a dorsal expansion of the cartilage promoting barx1 domain in 
our experiments because the cartilage preventing bapx1 was downregulated, which caused 
the observed joint loss. 
Bapx1 expression has been shown to be positively regulated by edn1 in zebrafish and 
knockdown of this gene in zebrafish also causes joint loss and further defects in cranial 
muscle and endodermal patterning (Miller, 2003; Miller, Schilling, Lee, Parker, & Kimmel, 
2000). The less fatal phenotype obtained in our bapx1 knockdown experiments and the 
similar joint loss in amphibians suggests that bapx1 may act downstream of edn1 in 
amphibians, too.  
5-HTB2 is a receptor of the well-known neurotransmitter serotonin, which is involved in the 
development and evolution of the vertebrate mandibular arch (Berger, Gray, & Roth, 2009). 
Downregulation of 5-HTB2 in Xenopus laevis caused simultaneous downregulation of 
bapx1 (Reisoli, De Lucchini, Nardi, & Ori, 2010). The lowered expression of bapx1 in PA1 
of X. laevis after 5-HTB2 knockdown resembles the pattern after bapx1 knockdown. The 
same loss of the primary jaw joint and the retroarticular process can be observed after 5-
HTB2 and bapx1 knockdown in X. laevis. The muscular connectivity is also altered. The m. 
hyoangularis and the m. quadratoangularis, mostly regarded as one muscle named m. 
quadrato-hyoangularis, fail to attach to Meckel´s cartilage (Reisoli et al., 2010). In the 
present study, the m. quadrato-hyoangularis reaches Meckel´s cartilage almost normally and 
enables jaw opening in the morphants. According to these results we suggest that bapx1 acts 
downstream of 5-HTB2, because of the milder phenotype, and that bapx1 has no influence 
on the development of PA1-derived muscles. 
Developmental evidence from our knockdown experiments support considerations that 
bapx1 may not be a master regulator of joint formation (Medeiros & Crump, 2012). 
Although zebrafish and chicken lost the primary jaw joint after bapx1 knockdown such a 
loss can not be seen in mice, where a proper joint forms despite bapx1 knockdown (Miller, 
2003; Tucker, 2004; Wilson & Tucker, 2004). Results in mice indicate that an upstream 
target of bapx1 must exist, which directly regulates primary jaw joint development (Tucker, 
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2004). Unlike in chicken, where Meckel´s cartilage and the palatoquadrate develop from one 
condensation (Wilson & Tucker, 2004), in X. laevis they develop from two distinct 
condensations (Lukas & Olsson, 2017). If bapx1 is a master regulator of joint formation, 
bapx1 knockdown should disturb joint development right from the beginning of 
chondrogenesis. The result would be, that the two developing condensations fuse in X. laevis 
early in development. But this is not the case. After knockdown of bapx1 the condensations 
of Meckel´s cartilage and the palatoquadrate arise and chondrify separately. They fuse later 
during development because of the invasion of ectopic chondrocytes (Fig. 8). The fusion 
arises at ZO14 when processus retroarticularis of Meckel´s cartilage and processus 
articularis of the palatoquadrate have recently chondrified (Fig. 8D). A band of cells migrates 
into the gap between the two processes and chondrifies during further development, whereas 
normally they are connected through a thin band of connective tissue. We hypothesize that 
bapx1 acts as a cartilage preventing gene in unperturbed larval development and ensures that 
the joint region does not chondrify. In perturbed larvae, bapx1 expression might be replaced 
by dorsally expanded barx1 expression as reported in barx1 overexpression experiments 
(Nichols et al., 2013). Barx1 promotes cartilage development and could lead to 
chondrification of the cells present in the joint region when bapx1 is absent. The anuran-
specific intramandibular joint separates the infrarostral cartilage from Meckel´s cartilage. 
Neither is bapx1 expressed in a domain predicting this joint nor is the formation of the joint 
perturbed by the knock down of bapx1. Therefore, the present work provides no support that 
the evolution of this cartilage was caused by bapx1. It is rather considered that the gene zax 
which is a paralogue of bapx1 is involved in the development and evolution of the 
intramandibular joint (Svensson & Haas, 2005). 
Bapx1 morphants resemble the ancestral unjointed first pharyngeal arch 
Indirect loss of bapx1 function through the addition of fgf8 or bmp4 beads lead to the loss of 
the jaw joint and the retroarticular process in chicken embryos (Wilson & Tucker, 2004). 
Knockdown of bapx1 in zebrafish lead to loss of the jaw joint and the retroarticular process 
of Meckel´s cartilage (Miller, 2003). In the present study the jaw joint and the retroarticular 
process are also lost after bapx1 knockdown. The reduction of bapx1 function in fishes and 
birds, as well as in amphibians, possibly mirrors the unjointed mandibular arch of agnathan 
ancestors as hypothesized before (Medeiros & Crump, 2012). The insertion of the 
musculature responsible for opening and closing the jaw was slightly affected by the 
knockdown (Fig. 5K) but its function retained. Morphants were able to move the jaw up and 
down almost normally even without a jaw joint and were also able to breathe and filter feed. 
The nearly unperturbed musculature in combination with the resilient and smooth elastic 
traits of the cartilaginous tissue seem to ensure the proper function of the jaw. The larval m. 
quadratohyoangularis develops into the adult inner part of the depressor mandibulae, the 
larval m. levator mandibulae articularis develops into the adult adductor mandibulae A2 
PVM (postero-ventro-mesial) and the larval m. levator mandibulae longus surperficialis 
develops into the adult adductor mandibulae A2 longus during metamorphosis (Ziermann & 
Diogo, 2014). These postmetamorphic muscles are a crucial part of the adult masticatory 
apparatus. A hypothetical stem line representative of gnathostomes could have had a feeding 
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apparatus which consists of a continuous and cartilaginous PA1. In this hypothetical 
gnathostome ancestor a set of muscles homologous to the adductor mandibulae complex and 
the depressor mandibulae may insert in the same way as in the bapx1 morphants and 
facilitate jaw movement before evolution of a jaw joint itself. The absence of bapx1 in 
agnathans (Cerny et al., 2010) and its role in various gnathostomes suggest that a ventral 
pharyngeal patterning system was present before the rise of gnathostomes. Later during 
evolution bapx1 might have refined this system by altering the ancestral barx1 expression 
domain. This alteration led to a spatial prevention of chondrification within PA1. This 
alteration in combination with the evolution of upstream regulators and downstream targets 
could have contributed to the evolution of the jaw joint in gnathostomes. 
Conclusion 
In the present study, the expression of bapx1 was downregulated. It was shown that the 
reduction of bapx1 expression causes a specific loss of the primary jaw joint in three different 
amphibian species. Normal bapx1 expression prevents existing cells in the joint cavity from 
differentiating into chondrocytes. Reduced expression of bapx1 instead promotes 
chondrification of these cells, which leads to the fusion of Meckel´s cartilage and the 
palatoquadrate. This unjointed mandibular arch mirrors features of a possible jawless 
gnathostome ancestor and thus gives insight into how the integration of a new gene in a pre-
existing gene regulatory network can lead to major morphological changes. Bapx1 can not 
be seen as a key regulator of joint formation in amphibians, but it is responsible for keeping 
the joint cavity free of chondrocytes and thus for maintaining the primary jaw joint. 
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Tables and Figure 
 
Table 1: Frequency of mortality, phenotype and joint loss occurrence in Xenopus laevis after 
treatment with different concentrations of bapx-MO. Phenotypes were determined six days 
after injection based on external features. Joint loss was scored after clearing and staining 
with alcian blue. n=90 for controls and each concentration of Co-MO and bapx-MO. 
 
 
Figure 1: (A) Sequence alignment showing the position of morpholinos used in the present 
study (coding region highlighted). Alignment of the Xenopus tropicalis nkx3-2 derived 
sequence in comparison to Bapx-MO1 and the Xenopus laevis derived sequence of the L (B) 
and S (C) nkx3-2 duplicate. 
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Figure 2: Bapx1 and sox9 expression in the developing head of Xenopus laevis. Lateral views 
of bapx1 in-situ hybridisations with anterior to the left (A-C) and histological cross sections 
(D-F) of larvae stained by in situ hybridisation and lateral views of sox9 in-situ 
hybridisations as control. (A) Bapx1 expression is visible in the precursors of PA 1, 3, 4, and 
5 and in the endoderm of the foregut at ZO 5. Dashed lines indicate the plane of sectioning 
in D-F. (B) At ZO 14 bapx1 expression surrounds the jaw joint and marks the foregut. (C) 
Bapx1 expression after treatment with 30µM bapx-MO1 is clearly reduced. Bapx1 
transcripts are found in the ventral region of PA1 (D), in the endoderm of pharyngeal 
pouches (E) and the foregut (F). Sox9 expression in unperturbed (G) and in bapx1 
knockdown (H) tadpoles at ZO 5. Bapx1 knockdown has no effect on sox9 expression. 
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Figure 3: Effects of bapx1 knockdown on the external head morphology of Xenopus laevis 
larvae. Frequent phenotypes caused by injection of (A) 30µM bapx-MO1, (B) 100µM bapx-
MO2, (C) combined 20µM bapx-MO1 and 60µM bapx-MO2 and (D) unperturbed larva after 
144h. Infrequently, phenotypes with (E) dorsally shifted mouth opening (n=3) and (F) bent 
axis (n=7) occurred after injection of 30µM bapx-MO1. Scale bar 500µm 
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Figure 4: Cleared and stained Xenopus laevis tadpole (ZO 17) after unilateral injection of 
30µM bapx-MO1. (A) Uninjected control side with clearly visible primary jaw joint (black 
arrowhead). (B) Bapx-MO1 treated side showing a broad fusion of Meckel´s cartilage and 
the palatoquadrate at the point, where the primary jaw joint is normally situated (black 
arrowhead). cm, Meckel´s cartilage; pq, palatoquadrate 
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Figure 5: 3D-reconstructions based on confocal laser scanning microscopy showing the 
effects of bapx1 knockdown on the internal head morphology of Xenopus laevis larvae. 
Cartilaginous head skeleton after unilateral 30µM bapx-MO1 injection in dorsal view (A, 
control side on the left) and lateral view of the control (B) and the perturbed (C) side. (D) 
Dorsal view of the head skeleton after unilateral injection of 100µM bapx-MO2 (control side 
on the left). Lateral view of the control (E) and perturbed (F) side on the specimen shown in 
D. (G) Head skeleton of a specimen treated with 20µM bapx-MO1 and 60µM bapx-MO2 in 
dorsal view (control side on the left). Lateral view of the same specimen on the (H) control 
and (I) perturbed side. All morphants show loss of the primary jaw joint on the injected side, 
whereas the control side developed a proper joint. Effects of unilateral 30µM bapx-MO1 
treatment on the musculature of the jaw joint are shown on the (J) control and (K) perturbed 
side in lateral view. All muscles insert properly on Meckel´s cartilage after bapx1 
knockdown. cm, Meckel´s cartilage; lma, m. levator mandibulae articularis; lmls, m. levator 
mandibulae superficialis; pm, processus muscularis palatoquadrate; pq, palatoquadrate; qha, 
m. quadrato-hyoangularis; sp, suprarostral plate 
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Figure 6: Effects of bapx1 knockdown 196h after injection of 30µM bapx-MO1 on the 
external morphology of further amphibians. (A) Control and (B) perturbed larvae of 
Bombina orientalis in lateral view. The mouth opening is dislocated in perturbed larvae. (C) 
Control and (D) perturbed larvae of Ambystoma mexicanum in lateral view. No difference 
can be seen between the normally developed and the treated larva. Scale bar 500µm 
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Figure 7: 3D-reconstructions based on confocal laser scanning microscopy showing the 
effects of bapx1 knockdown after unilateral 30µM bapx-MO1 injection on the internal head 
morphology of Bombina orientalis and Ambystoma mexicanum larvae. (A) Control and (B) 
perturbed side of a B. orientalis tadpole in lateral view 196h after injection. (C) Control and 
(D) perturbed side of A. mexicanum tadpole in lateral view 240h after injection. Meckel´s 
cartilage and the palatoquadrate are fused, whereby the primary jaw joint is lost in both 
species. as, ala of the suprarostral; cm, Meckel´s cartilage; pq, palatoquadrate 
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Figure 8: Transverse histological sections of Xenopus laevis showing development of the 
jaw joint after unilateral treatment with 30µM bapx-MO1. Larval stages ZO 12 (A, B), ZO 
14 (C, D) and ZO 17 (E, F) are depicted. Left column shows development on the uninjected 
and right column on the injected side. Black arrowhead in C and E marks the connection of 
Meckel´s cartilage and the palatoquadrate through a thin band of connective tissue. The same 
band (black arrowhead in D and F) chondrifies on the injected side, which causes the fusion 
of the jaw joint. Scale bar 50µm (A-B), 100µm (C-F). cm, Meckel´s cartilage; lma, m. 
levator mandibulae articularis; lmi, m. levator mandibulae internus; lmlp, m. levator 
mandibulae longus profundus; lmls, m. levator mandibulae superficialis; oh, m. 
orbitohyoideus; pq, palatoquadrate; qha, m. quadrato-hyoangularis 
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Bapx1 upregulation is associated with ectopic mandibular cartilage 
development in amphibians 
 
The paper shows that treatment with Ly-294,002 leads to the formation of mandibular arch-
derived ectopic cartilages in two different amphibian species. The ectopic cartilage develops 
lateral to the palatoquadrate and Meckel´s cartilage and comprises of cells which were 
separated from the two cartilages during development. This further enhances the postulated 
cartilage preventing function of bapx1 and suggests that an increase in bapx1 expression 
within anurans may have cause the appearance of additional mandibular cartilages such as 
adrostralia and sub-meckelian cartilages. 
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Abstract 
Background 
In emergence of novel structures during evolution is crucial for creating the variation among 
organisms, but the underlying processes which lead to the emergence of evolutionary 
novelties are poorly understood. The gnathostome jaw joint is such a novelty and the 
incorporation of bapx1 expression into the intermediate first pharyngeal arch might have 
played a major role in the evolution of this joint. Knockdown experiments revealed that loss 
of bapx1 function lead to the loss of the jaw joint because Meckel´s cartilage and the 
palatoquadrate fuse during development. We used Xenopus laevis and Ambystoma 
mexicanum to further investigate the function of bapx1 in amphibians. Bapx1 expression 
levels were upregulated through the use of Ly-294,002 and we investigated the consequences 
of the enhanced bapx1 expression in amphibians to test the hypothesized joint inducing 
function of bapx1. 
Results 
We show that Ly-294,002 is able to upregulate bapx1 expression in vivo. Additionally, 
ectopic mandibular arch derived cartilages develop after Ly-294,002 treatment. These 
ectopic cartilages are dorsoventrally orientated rods situated lateral to the palatoquadrate. 
The development of these additional cartilages did not change the muscular arrangement of 
mandibular arch derived muscles. 
 
Conclusions 
Development of additional mandibular cartilages is not unusual in larval anurans. Therefore, 
changes in the bapx1 expression during evolution may have been the reason for the 
development of several additional cartilages in the larval anuran jaw. Furthermore, our 
observations imply a joint promoting function of bapx1, which further substantiates its 
hypothetical role in the evolution of the gnathostome jaw joint. 
 
Keywords: Xenopus laevis, Ambystoma mexicanum, evolutionary novelties, Ly-294,002, 
nkx 3.2, xbap 
  
Chapter 3: Bapx1 upregulation in amphibians 
55 
Background 
The acquisition and incorporation of novel skeletal structures into an existing skeletal 
environment is a process that can cause morphological diversification. How such 
evolutionary novelties arose during evolution and under which circumstances they arose is 
an important question in evo-devo research. An important example is the evolution of the 
gnathostome jaw and its skeletal diversification in different phyla. The jaw itself consists 
basically of a dorsal and a ventral element, which are connected by a distinct joint [1]. Its 
evolution enables predation on large and motile prey and can therefore be seen as one of the 
central innovations in gnathostomes.  
The larval anuran jaw is unique compared to other vertebrates. At the base of anurans two 
additional jaw structures, the rostralia, evolved. The suprarostral cartilage forms the anterior 
part of the upper jaw, whereas the infrarostral cartilage is part of the lower jaw and movable 
against Meckel´s cartilage via the intramandibular joint [2]. These two additional structures 
made possible the evolution of numerous different feeding modes in anuran tadpoles, which 
enabled the decoupling of larval and adult stages. The diverse feeding modes, which are 
based on the derived morphology, could be the reason why anurans are the dominant recent 
amphibian group [3]. During further evolution several anuran taxa evolved one or more 
additional cartilages within the larval jaw. Such adrostral cartilages are described in 
Heleophryne natalensis, Pelobates fuscus, Alytes obstetricans and Pelodytes punctatus, to 
just name a few species [4, 5]. Three different mechanisms for the evolution of such 
additional cartilaginous structures have been proposed by Svensson and Haas (2005): (1) 
through duplication of existing cartilages; (2) through partitioning of existing cartilages 
through the development of new joints; (3) through de novo evolution of cartilages not 
homologous to existing elements. In all three cases, one or more genetic regulators must be 
responsible for the evolution of the novel cartilage. 
Bapx1 (also known as nkx3.2and xbap) homologues are present in different, distantly related 
phyla. It was first identified in Drosophila where it spatially subdivides the mesoderm and 
thus is essential for midgut musculature formation [6]. In amphioxus and lamprey bapx1 is 
expressed in the pharyngeal endoderm [1, 7]. During pre-gnathostome evolution bapx1 is 
suggested to have been incorporated into an existing pharyngeal arch patterning system [1]. 
In such a system, a gradual expression of homeobox genes defines an anterior-posterior axis. 
Overlapping expression of these genes defines different regions along this axis [8–10]. For 
instance, the first pharyngeal arch is defined by the absence of hox expression, whereas the 
second pharyngeal arch is defined by hoxa2 expression [11, 12]. Gnathostome pharyngeal 
arches are patterned dorsoventrally by a nested expression of dlx genes [13, 14]. These two 
patterning programs together form a developmental grid that enables locally restricted gene 
expression dependent on the specific spatial configuration. The incorporation of bapx1 into 
this pre-gnathostome head patterning program has been suggested to have played a major 
role in the evolution of the gnathostome jaw [1, 15]. In lamprey, which lacks a dorsoventral 
patterning mediated by dlx genes, bapx1 is not expressed in the first pharyngeal arch, 
whereas in Scyliorhinus and zebrafish bapx1 expression dependent on dlx function within 
the first pharyngeal arch was reported [16–18]. In zebrafish bapx1 expression can be found 
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in an intermediate domain of the first pharyngeal arch and is ventrally restricted by a barx1 
expressing domain [17, 19]. Barx1 expression is ventrally restricted by hand2 expression 
which inhibits bapx1 expression during development [19]. In zebrafish bapx1 is expressed 
in the intermediate domain of the first pharyngeal arch, exactly where the primary jaw joint 
will form. Homologous genes with similar first pharyngeal arch expression can be found in 
Xenopus [20], Pleurodeles [21], chicken [22], mouse [23] and human [24]. Bapx1 
knockdown in zebrafish led to fusion of Meckel´s cartilage and the palatoquadrate, which 
caused loss of the primary jaw joint [17]. The same result is seen after downregulation of 
bapx1 in amphibians (Lukas and Olsson, submitted) indicating a role for bapx1 in both 
development and evolution of the primary jaw joint. Loss of barx1 function in zebrafish led 
to dorsal expansion of hand2 expression and the formation of an ectopic joint within 
Meckel´s cartilage where hand2 and bapx1 expression domains met [19]. This ectopic joint 
development after barx1 inactivation and the following expansion of the bapx1 expression 
domain further indicates that bapx1 expression can induce joint development in the first 
pharyngeal jaw. 
The role of the phosphatidylinositol 3-kinase (PI3K) in cell metabolism, regulation of gene 
expression, cell survival and cell growth is well-documented [25, 26]. It has been shown that 
PI3Ksignalingcan down-regulate bapx1 specifically by using the catalytic subunit p85β in 
mice [27]. Pik3ca, the PI3K subunit responsible for the bapx1 suppression pathway, is 
expressed in X. laevis in the pharyngeal region from NF 26 to NF 32 [28]. Ly-294,002 (2-
(4-Morpholinyl)-8-phenyl-4H-1-benzopyran-4-one hydrochloride) is a specific inhibitor of 
PI3K [29]. PI3K suppression mediated by Ly-294,002 causes raised bapx1 expression levels 
[27]. To test the effects of overexpression of bapx1 in the development of the first pharyngeal 
arch in amphibians, Ly-294,002 was used in this study to inhibit pik3ca function and enhance 
bapx1 expression in vivo. 
Methods 
Amphibian husbandry 
Males and females of Xenopus laevis (Daudin) and Ambystoma mexicanum (Shaw) were 
kept in separate groups in our breeding colony in Jena. Adults and larvae of Xenopus laevis 
were kept at 22°C. To induce mating and obtain fertilized eggs Xenopus laevis adults were 
put pairwise into darkened basins with lowered water level. They were kept there over night 
at 16°C. After successful egg deposition the eggs were collected and then dejellied using a 
solution of 2% cysteine hydrochloride. The eggs were washed several times and cultured in 
0,1x modified Barth´s saline (MBS) with 50µg/ml gentamycin at 22°C. Ambystoma 
mexicanum adults were kept at 18°C. Single pairs were transferred into basins with fresh 
water and ice was added to lower the temperature and induce mating overnight. After 
successful egg deposition and fertilisation, the eggs were collected and manually dejellied 
using dissecting forceps. The eggs were cultured in 20% Steinberg´s solution with 50µg/ml 
gentamycin at 22°C. Developmental stages were determined according to Nieuwkoop and 
Faber (1994), Ziermann and Olsson (2007) for X. laevis and Schreckenberg and Jacobson 
(1975) for A. mexicanum. Nieuwkoop and Faber (NF) staging was used for the identification 
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of early developmental stages. For the description and comparison of the inner morphology 
of treated embryos Ziermann and Olsson staging (ZO) was used because this staging table 
provides more comparable stages during chondrification and initial skeletal development 
than Nieuwkoop and Faber. 
In vivo experiments 
Embryos of X. laevis were incubated with different concentrations of LY-294,002 
hydrochloride (Merck) at different developmental stages. LY-294,002 was initially 
dissolved in dimethyl sulfoxide (DMSO). A stock solution containing 10µM DMSO and 
1mM LY-294,002 was prepared and diluted with MBS to concentrations of 10µM, 20µM, 
30µM, 40µM and 50µM LY-294,002. X. laevis embryos (N=90 for each stage and 
concentration) were then incubated at NF 10 (onset of gastrulation), at NF 13 (onset of 
neurulation), at NF 22 (early tailbud stage), at NF 29 (late tailbud stage) and NF 39 (onset 
of cartilage development) in the different LY-294,002 dilutions. X. laevis embryos were also 
kept in 1x MBS and 0,1µM DMSO in 0,1xMBS as a control. To specifically test the 
influence of LY-294,002 on mandibular arch development, 10nl of 20µM LY-294,002 was 
injected in the area of the mandibular neural crest segment [33] antero-ventral to the eye at 
NF 29. Injection was performed in 4% Ficoll/ 0,1x MBS and after 4 hours the embryos were 
transferred into 0,1x MBS. A. mexicanum embryos were incubated with 20µM Lys-294,002 
at Schreckenberg and Jacobson stage (SJ) 36. X. laevis embryos were cultured until they 
reached NF 45 and A. mexicanum embryos were cultured for five days. The 0,1µM DMSO 
and the 0,1xMBS solution as well as the different Lys-294,002 solutions were changed daily. 
Living, dead and malformed larvae were counted and images were taken using a Zeiss Stemi 
SV11 and an attached camera (ColorView) operated by AnalySIS software. Anaesthesia was 
performed using 1% tricaine methanesulfonate (MS-222) according to the animal welfare 
protocols at the Friedrich-Schiller-Universität Jena. Depending on further investigations 
larvae were fixed in 4% phosphate-buffered formalin (PFA), Dent´s fixative or RNA 
stabilisation reagent. 
Tissue staining 
PFA-fixed larvae were dehydrated and embedded in paraffin. Serial sectioning was 
performed using a rotary microtome (Microm, HM 355 S). Sections of 7µm thickness were 
obtained and subsequently stained with Heidenhain´s Azan technique [34] or nuclear fast 
red staining [35]. Images were taken with an XC10 Olympus camera mounted on an 
Olympus BX51 microscope operated with dotSlide software. X. laevis and A. mexicanum 
larvae fixed with Dent´s fixative were used for whole mount antibody staining. Cartilage 
cells were specifically stained with a monoclonal antibody against collagen II (II6B3-
collagen II). A polyclonal antibody against newt skeletal muscle (12/101) was used to 
specifically stain muscle cells. For the colour reaction secondary antibodies conjugated with 
Alexa 488 and Alexa 568 (Molecular Probes) were used. The specimens were scanned with 
a confocal laser scanning microscope (Zeiss LSM 510) operated with Zen software. The 
image stacks obtained were further processed with Amira 6.0.1 (surface render) and 
Autodesk Maya® 2017 (rendering). 
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In situ hybridisation and quantitative PCR 
Whole-mount in situ hybridisations were carried out according to the protocol in Harland 
(1991) with a few modifications described by Square et al. (2015). NF 30-40 larvae were 
treated for 15 min and NF 40-45 larvae were treated for 20 min with Proteinase K. BM-
Purple (Roche) was used for signal development. Probe of bapx1 was kindly provided by 
Jennifer Schmidt. RNA from whole embryos kept in 0,1x MBS, in 0,1µM DMSO and 
different Ly-294,002 solutions was isolated using QIAzol Lysis Reagent (Qiagen) and 
purified using RNeasy Mini Kit (Qiagen) according to manufacturer’s instructions. 
RevertAid Transcriptase (Thermo Scientific) was used to synthesize complementary DNA 
from 2µg RNA extracted from embryo. Quantitative PCR was performed using a Stratagene 
Mx3005P (Agilent Technologies) and one- step qPCR SYBR green kit (Roche). Sequences 
of primers used for amplification of bapx1 were taken from Square et al. (2015). Target gene 
expression was normalized [37] to the expression level of histone H4 (5´-
GACGCTGTCAACCGAG-3´and 5´- CGCCGAAGCCAGAGTG-3´). 
Results 
The effect of Ly-294,002 treatment on tadpole survival 
Initially embryos of X. laevis were treated with different concentrations of Ly-294,002 at 
different developmental stages. No embryos incubated at NF 10 survived the treatment with 
the different amounts of Lys-294,002 (Fig. 1). Embryos treated with 10µM and 20µM at the 
onset of neurulation (NF 13) survived the treatment at moderate rates (27% and 20% 
respectively) whereas only a minority of embryos treated with 30µM (2%) and 40µM (4%) 
survived. No embryo survived the treatment with 50µM Ly-294,002. Survival rates slightly 
increased when embryos were reared in different Ly-294,002 solutions at NF 22. As before, 
no embryo survived treatment with 50µM Ly-294,002. Larvae incubated at the late tailbud 
stage (NF 29) showed a much higher survival rate at lower Ly-294,002 concentrations. 70% 
of the larvae survived the treatment with 10µM and 76% survived the treatment with 20µM 
Ly-294,002, whereas no larvae survived the treatment with 50µM. Larvae reared in the 
different concentrations of Ly-294,002 at the onset of chondrification (NF 39) show almost 
normal survival rates. No significant difference in the survival rate at the different 
developmental stages was observed between embryos reared in 0,1µM DMSO and embryos 
reared normally in 0,1x MBS. Additionally, no abnormalities developed after DMSO 
treatment (Fig. 1). These circumstances indicate that changes in survival rate and 
morphology are not the result of the necessary presence DMSO in Ly-294,002 in vivo 
experiments and indicate a specific effect of Ly-294,002. 
Ly-294,002 treatment induces development of an ectopic mandibular cartilage 
The external morphology of all surviving X. laevis larvae from these incubation experiments 
was checked for potential morphological changes. We did not observe any external 
morphological or behavioural abnormalities in either control larvae, larvae raised in 0,1µM 
DMSO or in Ly-294,002 treated larvae (Fig. 2 A-C). We also checked for internal 
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musculoskeletal changes. No such changes were observed in larvae treated with the different 
concentrations of Ly-294,002 at NF 10, NF 13, NF 22 or NF 39. Interestingly, larvae treated 
at NF 29 that survived this procedure developed changes in the mandibular skeleton. The 
highest rate of larvae with disturbed mandibular arch morphology was seen after treatment 
with 20µM Ly-294,002 at NF 29 (Table 1). 57% of the larvae which survived the treatment 
had developed an additional mandibular cartilage, whereas in larvae treated with other 
concentrations of Ly-294,002, lower rates of this mandibular arch phenotype were observed 
(Table 1). For further analyses, we used 20µM Ly-294,002 and treated larvae from NF 29 
onwards. At ZO 10 (NF 40-41) the palatoquadrate, Meckel´s cartilage and the ceratohyal 
were present in unperturbed larvae (Fig. 3A). In treated larvae an ectopic cartilage with a 
rounded shape was visible lateral to the palatoquadrate and Meckel´s cartilage. This ectopic 
cartilage was bordered postero-dorsally by the palatoquadrate and antero-dorsally by 
Meckel´s cartilage. The ectopic cartilage was separated from the two cartilages by a cavity-
like gap (Fig. 3B). During further development the rounded shape and the location of the 
ectopic cartilage remained the same (Fig. 3D). At ZO 17 (NF 44) Meckel´s cartilage is 
normally sigmoidally elongated (Fig. 3C) but in treated larvae Meckel´s cartilage was 
shortened and thicker than in controls (Fig. 3D). The suprarostral plate bent more dorsally 
than normal and the muscular process had partly lost its dorsal projection in treated larvae. 
The area where the ectopic cartilage arose during development was nearly the same in all 
treated larvae. The changed morphology seemed to have no large effect on the behaviour 
because treated larvae showed normal feeding and respiration. Next, we investigated 
whether mandibular muscles display any abnormalities and if muscles insert onto or 
originate from the ectopic cartilage. We observed only two muscles which are affected by 
the Ly-294,002 treatment. The M. levator mandibulae articularis normally originates from 
the posterior-ventral surface of the muscular process of the palatoquadrate and inserts onto 
the dorsal surface of the posterior end of Meckel´s cartilage (Fig. 4A). In perturbed larvae 
the muscle originated more anteriorly from the muscular process of the palatoquadrate and 
inserted more laterally and anteriorly onto Meckel´s cartilage than in controls (Fig. 4B). The 
M. quadratohyoangularis normally originates from the ventral surface of the palatoquadrate 
and from the dorsal surface of the ceratohyal and inserts onto the ventro-lateral edge of 
Meckel´s cartilage (Fig. 4A). In perturbed larvae origination and insertion were similar, but 
the insertion onto Meckel´s cartilage was smaller than in controls. The dorsal portion of this 
muscle surrounded the ectopic cartilage, but not even a single fibre inserted onto or 
originated from this cartilage (Fig. 4B).  
Ly-294,002 treatment upregulates bapx1 expression levels 
To test if the development of mandibular ectopic cartilages is correlated to changes in bapx1 
expression, we used quantitative PCR to investigate the relative expression of bapx1. We 
checked the expression levels for larvae reared in 0,1µM DMSO, to investigate the effect of 
DMSO on bapx1 expression, and for larvae reared in 20µM Ly-294,002 from 29NF 
onwards. Rearing larvae in 0,1µM DMSO had no effect on bapx1 expression levels (Fig. 5 
white bar). The unaltered bapx1 expression in tadpoles raised in 0,1µM DMSO further 
confirmed that DMSO did not interfere with our experiments. The inhibition of PI3K 
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mediated by Ly-294,002 treatment raised the expression levels of bapx1 more than fivefold 
(Fig. 5 dark grey bar). To further check for differences in the spatial expression we used 
whole mount in situ hybridisation of bapx1 transcripts. Normally, bapx1 was expressed in 
the ventral region of the mandibular arch at NF 37. The expression domain surrounded the 
cement gland dorsolaterally and marked the precursors of the palatoquadrate and the 
proximal part of Meckel´s cartilage (Fig. 2D). Posteriorly, bapx1 expression was visible in 
the endoderm of the pharyngeal pouches of pharyngeal arches 3-5. More posteriorly bapx1 
was expressed in the foregut (Fig. 2D). In larvae treated with 20µM Ly-294,002 from NF 29 
onwards bapx1 expression was visible in the same regions as described for the control larva 
(Fig. 2E). No duplicated expression domain was visible. The expression domain in the 
mandibular arch was broader than in the control larvae and extended more posteriorly. 
Treatment with Ly-294,002 led to increased bapx1 expression levels and to an extension of 
the bapx1 expression domain in the mandibular arch.  
Ectopic cartilage development after mandibular arch bapx1 upregulation 
To investigate if the observed cartilaginous changes in X. laevis are correlated to raised 
bapx1 expression in the mandibular arch, we injected 20µM Ly-294,002 into the area of the 
mandibular crest identified by Sadaghiani and Thiébau (1987) at NF 29. In the Ly-294,002-
treated specimen an ectopic cartilage occurred more posterior than in larvae reared in Ly-
294,002 solution. Posterior to the primary jaw joint articulation, a dorsoventral elongated 
cartilaginous rod was visible at ZO 17. It seemed to comprise cells from the muscular process 
of the palatoquadrate, because the process was reduced in size and lacks the dorsal projection 
seen in controls (comp. Figs. 6A and B). The ectopic cartilage was embedded in connective 
tissue and no muscle inserted onto or originated from its surface. Furthermore, the ectopic 
cartilage was distantly located in relation to Meckel´s cartilage and the palatoquadrate and 
did not articulate with any of these cartilages (Fig. 6 D). During further development, the 
muscular process of the palatoquadrate slightly extended its surface dorsally and formed a 
miniaturized process compared to unperturbed larvae at ZO 20 (NF 45-46; comp. Figs. 6C 
and D). The ectopic cartilages remained as dorsoventral elongated rod-like structures lateral 
to the muscular process of the palatoquadrate. 
Ly-294,002 treatment in Axolotl 
We have observed that Ly-294,002 treatment upregulates bapx1 expression in X. laevis and 
that the treatment simultaneously led to the development of mandibular ectopic cartilage. 
Next, we wanted to repeat the experiments with another amphibian to test if the obtained 
results are a consequence of the derived state of X. laevis or if they display a common feature 
among amphibians. Therefore, we investigated the effects of Ly-294,002 treatment on the 
development of A. mexicanum. We treated A. mexicanum larvae at SJ 36, which 
approximately corresponds to X. laevis NF 29, with 20µM Ly-294,002 and reared them for 
five days. As in X. laevis, no significant changes in external morphology were observed 
(comp. Figs. 7A and B). However, the cartilaginous structures of the mandibular arch were 
malformed in similar ways compared to X. laevis. Postero-dorsal to Meckel´s cartilage and 
latero-ventral to the palatoquadrate an ectopic cartilage occurred in treated larvae (Fig. 7D). 
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This cartilage seems to be separated from Meckel´s cartilage and the palatoquadrate and was 
rounded in shape. Ventrally, the palatoquadrate was broader and narrower than in control 
larvae (comp. Figs. 7C and D). Laterally it had lost contact to Meckel´s cartilage and only 
articulated medially with it. Meckel´s cartilage also forfeited lateral contact to the 
palatoquadrate and only articulated medially. The lateral side of the posterior end seemed to 
articulate with the ectopic cartilage. The insertion and origination of the different muscles 
required for proper jaw movement were not affected by the Ly-294,002 mediated bapx1 
upregulation (comp. Figs. 7E and F). No such muscle inserted on the ectopic cartilage (Fig. 
7F). 
Discussion 
High doses of the PI3K-inhibitor Ly-294,002 and incubation at early stages (beginning of 
gastrulation, beginning and end of neurulation) lead to dramatically decreased survival rates 
in treated specimens (Fig. 1). These decreased survival rates might be a consequence of the 
major role of PI3K in various developmental processes such as cell growth, cell 
differentiation and cell survival [25, 26]. High doses of Ly-294,002 at early developmental 
stages may restrict the function of PI3K in cell growth and survival which leads to premature 
death. When incubated at relatively low concentrations of Ly-294,002 the PI3K regulated 
key processes probably proceed normally, whereas the inhibition of bapx1 regulation 
remains disturbed. Between NF 29 and NF 39 the sensory organs develop, first muscle 
anlagen develop and differentiate into muscle fibres, the nervous system develops and 
excretory as well as digestive systems forms [30]. Ly-294,002 treatment during this period 
and earlier has a very large influence on mandibular arch development. We have shown that 
treatment with 20µM Ly-294,002 from NF 29 onwards significantly elevates the expression 
of bapx1 in X. laevis larvae using quantitative PCR. This upregulation additionally leads to 
a posterior expansion of the bapx1 expression in the mandibular arch primordia as visualized 
through in-situ hybridisation. Furthermore, we have shown that DMSO, which was used to 
dissolve Ly-294,002, has no effect on tadpole survival and does not influence bapx1 
expression.  
Raised bapx1 expression is correlated to subdivision of existing cartilage 
The treatment with Ly-294,002 in X. laevis and A. mexicanum has an effect on the 
development of mandibular arch derived cartilaginous elements. Neither in incubation nor 
in injection experiments were morphological changes of the non-mandibular arch derived 
cartilaginous skeletal elements observed. In both species tested, an ectopic cartilage develops 
after Ly-294,002 treatment. This cartilage appears lateral to the palatoquadrate and postero-
lateral to Meckel´s cartilage (Fig. 6B). In X. laevis it is clearly visible that the lateral 
projection of the palatoquadrate, the muscular process, is reduced after Ly-294,002 treatment 
(Fig. 6D). The location of the ectopic cartilage suggests that the chondrocytes which form 
the ectopic cartilage became separated from the palatoquadrate during early development. 
These separated chondrocytes together might have formed a new lateral condensation which 
developed into the ectopic cartilage. Normally the m. orbitohyoideus and the m. 
quadratohyangularis originate from the lateral edge of the muscular process, but their origin 
Chapter 3: Bapx1 upregulation in amphibians 
62 
 
is not the ectopic cartilage which is assumed to be made of chondrocytes from the muscular 
process. Instead, they originate from the small remains of the muscular process. The 
chondrocytes which form the ectopic cartilage might have lost the ability to attract muscle 
progenitor cells. Additionally, no muscle inserts onto this ectopic cartilage, which indicates 
that no identity shift has taken place that would cause a muscle to shift its insertion. In A. 
mexicanum chondrocytes which normally form the lateral part of the palatoquadrate and the 
postero-dorsal part of Meckel´s cartilage become separated during development and seem to 
form the ectopic cartilage after bapx1 upregulation. An indentation is visible where 
chondrocytes are missing at both Meckel´s cartilage and the palatoquadrate. Just like in X. 
laevis no muscle originates from or inserts onto the ectopic cartilage. In both species the 
ectopic cartilage seems to consist of chondrocytes which originate from existing 
cartilaginous structures. The mandibular arch derived cartilaginous structures which are 
situated next to the ectopic cartilage are reduced in size where they adjoin to the ectopic 
cartilage. We suggest, that the ectopic cartilage can not be characterized as a de novo 
developed cartilage, because Meckel´s cartilage and the palatoquadrate are reduced in size 
and developed altered shape after Ly-294,002 treatment, which indicates that the ectopic 
cartilage comprises of chondrocytes separated from these cartilages. The development of the 
ectopic cartilage as a consequence of the Ly-294,002 treatment is correlated to the raised 
bapx1 expression levels which are also caused by the Ly-294,002 treatment. Bapx1 
expression is thought to be joint promoting in the mandibular arch [19]. Normally, bapx1 
function keeps the region between Meckel´s cartilage and palatoquadrate chondrocyte-free 
and enables the formation of the jaw joint. In perturbed specimens with elevated and 
expanded expression of bapx1, cartilage development was prevented within the muscular 
process of the palatoquadrate. The prevention of cartilage development led to the 
establishment of additional chondrocyte-free regions. Such a region separates numerous 
chondrocytes from their primordial cartilage. These chondrocytes can then condense and 
develop into a new cartilage. 
Thus, our results show that Ly-294,002 treatment led to simultaneous upregulation of bapx1 
and development of an ectopic cartilage. Bapx1 might be able to prevent cartilage formation 
in a restricted area and this prevention might subdivide existing cartilages. We suggest that 
bapx1 promotes the formation of cartilage free regions within existing cartilages, which 
could lead to the formation of cartilage-free region within an existing cartilage and/or the 
formation of an ectopic cartilage. This function could be the foundation for the emergence 
of novel cartilages during anuran evolution and it suggests that new cartilages can arise 
during development and therefore during evolution by subdivision of existing cartilages. 
The evolution of adrostral cartilages might be caused by changed bapx1 expression 
It has been suggested that bapx1 was involved in the evolution of the gnathostome jaw joint. 
Bapx1 was co-opted into the first arch in gnathostomes and replaced barx1 in the ventral-
intermediary region of the mandibular arch [1]. Barx1 has been shown to repress joint 
formation and promote cartilage formation, whereas bapx1 promotes joint formation and 
represses cartilage formation [19]. Thereby, barx1 function in the agnathan mandibular arch 
ensures that no joint develops within this arch. The replacement of barx1 by bapx1 and thus 
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the expression of bapx1 in the ventral intermediary region of the mandibular arch might have 
caused the development of a joint within this arch in gnathostomes. This potential of bapx1 
to prevent cartilage formation and subdivide existing cartilages might be the explanation for 
the evolution of additional cartilages in larval anurans. The larval anuran jaw consists of 
Meckel´s cartilage and the infrarostral in the lower jaw. The upper jaw is formed by the 
paired cornua trabeculae and a plate-like suprarostral. Both rostralia are unique in anurans 
but no bapx1 expression can be seen during development in the region of the rostralia or 
their respective precursors. Additionally, bapx1 knockdown has no effect on the formation 
of the rostralia in X. laevis (unpublished).  
Several anurans such as Alytes obstetricans [4], Heliophryne purcelli [38] and Pelobates 
fuscus [39] have been described in which one or more paired additional cartilages develop 
during the tadpole stage. Their shape and location within the jaw is different in the different 
species. They can appear as dorsoventral proceeding rods lateral to the suprarostral 
cartilages, as in Pelobates fuscus (Fig. 8B), or as cuneiform cartilages ventral to Meckel´s 
cartilage and lateral to the suprarostral cartilage, as in Heliophryne orientalis (Fig. 8C). In 
both cases they are located laterally within the lower jaw. The ectopic cartilages in Ly-
294,002 treated X. laevis specimen are also located laterally, but more posteriorly (Fig. 8D). 
Our observations on Heliophryne orientalis tadpoles have shown that both additional 
cartilages, the sub-meckelian cartilage and the adrostral cartilage, lack muscle insertion or 
origination. The muscle-free sub-meckelian and adrostral cartilage are similar to the muscle-
free condition of the ectopic cartilages in A. mexicanum and X. laevis treated with Ly-
294,002. Both the absence of musculature and the lateral position of the additional cartilages 
are shared similarities between the naturally occurring adrostral cartilages and the ectopic 
cartilages which develop after Ly-294,002 treatment. These similarities and the ability of 
bapx1, whose upregulation is correlated to the development of the ectopic cartilages after 
Ly-294,002 treatment, to subdivide existing cartilages indicate that changes in bapx1 
expression (upregulation or a heterotopic shift) may have been the reason for the evolution 
of novel cartilages in the mandibular arch within anurans. Expression analysis of bapx1 in 
the appropriate species can be used to test this hypothesis. 
Conclusion 
In the present work we have successfully treated two different amphibian species with Ly-
294,002. As a result of Ly-294,002 treatment, bapx1 expression increased and mandibular 
arch derived ectopic cartilages developed lateral to the palatoquadrate in the larvae. The 
appearance of additional cartilages, which develop through separation from pre-existing 
cartilages, simultaneously to bapx1 upregulation supports the notion that bapx1 has a joint-
promoting function. The assumed function further substantiates the possible role of bapx1 
in the evolution of the gnathostome jaw joint. Additionally, bapx1 function might explain 
the development of additional cartilages in the anuran jaw which could be caused by 
overexpression of bapx1 or by a heterotopic shift of its expression domain. The development 
of the ectopic cartilages implies that subdivision of pre-existing structures through changes 
in the expression of a developmental regulator is one possibility for the evolution of 
morphological novelties.
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Tables and Figures 
 
 
 
Table 1: Frequency of mortality and phenotype occurrence in Xenopus laevis after treatment 
with different concentrations of Ly-294,002 from 29 NF onwards. Phenotypes were 
determined six days after incubation based on mandibular arch abnormalities including the 
appearance of ectopic cartilages. n=90 for controls and each concentration of Ly-294,002. 
 
 
Fig. 1: Quantitative analysis of X. laevis tadpole survival after Ly-294,002 treatment. X. 
laevis larvae were treated with different amounts of Ly-294,002 at different developmental 
stages until NF 45. As controls, X. laevis larvae were raised either in 0,1µM DMSO or in 
0,1x MBS. Larvae treated with DMSO and with 0,1x MBS show no significant differences 
in survival rates. The survival rate in Ly-294,002 treated larvae declines with increasing Ly-
294,002 concentration and early start of the incubation.  
Chapter 3: Bapx1 upregulation in amphibians 
69 
 
 
 
Fig. 2: Effects of Ly-294,002 treatment on external head morphology and bapx1 expression 
in X. laevis. Lateral view of larvae at NF 44 after rearing in (A) 0,1x MBS as control, (B) 
0,1µM DMSO and (C) 20µM Ly-294,002 from NF 29 onwards. No significant differences 
in the external morphology can be observed. In situ hybridisation of NF 37 X. laevis larvae 
raised in (D) 0,1xMBS as control and (E) 20µM Ly-294,002 from NF 29 onwards in lateral 
view reveal differences in the expression of bapx1 in the mandibular arch. After bapx1 
upregulation the mandibular arch expression domain is broader and extends postero-
dorsally. scale bar 500µm 
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Fig. 3: 3D-reconstructions based on confocal laser scanning microscopy showing the effects 
of Ly-294,002 treatment on cranial cartilage morphology in Xenopus laevis larvae. Lateral 
view of ZO 10 (A, B) and ZO 17 (C, D) larvae with normal bapx1 expression (left column) 
and elevated bapx1 expression (right column). In Ly-294,002-treated specimen with 
increased bapx1 expression an ectopic cartilage develops within the mandibular arch lateral 
to the palatoquadrate. Depictions of X. laevis larvae in lateral view show the main differences 
between (E) normal and (F) perturbed development. In short, the processus muscularis is 
reduced in size and an ectopic cartilage arises lateral to the palatoquadrate after upregulation 
of bapx1. ch, ceratohyal; cm, Meckel´s cartilage; ec, ectopic cartilage; ir, infrarostral 
cartilage; pq, palatoquadrate; sp, suprarostral plate. 
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Fig. 4: 3D-reconstructions based on confocal laser scanning microscopy of specimen stained 
with antibodies showing the effects of bapx1 upregulation on cranial muscle morphology in 
Xenopus laevis larvae. Lateral view of the jaw articulation and selected muscles of ZO 17 
larvae. (A) Muscle morphology in a control specimen. (B) Muscle morphology in a specimen 
after bapx1 upregulation. The m. levator mandibulae articularis originates more anteriorly 
on the dorsal surface of the processus muscularis than in control specimens. The m. 
quadratohyoangularis surrounds the ectopic cartilage without originating from or inserting 
onto this cartilage. cm, Meckel´s cartilage; ec, ectopic cartilage; lma, M. levator mandibulae 
articularis; qha, M. quadratohyoangularis. 
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Fig. 5: Effect of Ly-294,002 treatment on bapx1 expression in Xenopus laevis at NF 45. 
Expression levels were determined through relative quantification (Livak method). Error 
bars indicate standard deviation of PCR runs (n=3). DMSO reared specimens show no 
significant reduction in expression compared to control specimens. Ly-294,002 treated 
specimens show a ~5 times higher expression level of bapx1 in comparison to controls. 
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Fig. 6: Effect of Ly-294,002 injection into mandibular arch precursors on cartilaginous 
cranial morphology in X. laevis larvae. 3D-reconstructions based on confocal laser scanning 
microscopy of (A) control and (B) injected specimens at ZO 17 in lateral view. Maximum 
intensity projections of (C) control and (D) injected specimens at ZO 20 stained with 
monoclonal II6B3-collagen II antibody and Alexa 568 in dorsal view. The reduction of the 
processus muscularis and the presence of an ectopic cartilage can be observed in injected 
specimens. ch, ceratohyal; cm, Meckel´s cartilage; ec, ectopic cartilage; pmpq, processus 
muscularis of the palatoquadrate; pq, palatoquadrate. scale bar 200µm 
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Fig. 7: Effect of Ly-294,002 treatment on the external and internal morphology of A. 
mexicanum. Dorsal view of (A) control and (B) Ly-294,002 treated specimens reveals no 
differences in external morphology. Lateral view of 3D-reconstructions based on confocal 
laser scanning microscopy of (C) control and (D) Ly-294,002 treated specimen shows the 
development of an ectopic cartilage lateral to the jaw articulation in treated specimens. The 
musculature of (E) control and (F) treated specimens are similar and no changes in 
origination or insertion of muscles can be observed after bapx1 upregulation. cm, Meckel´s 
cartilage; dm, M. depressor mandibulae; ec, ectopic cartilage; lma, M. levator mandibulae 
articularis; lme, M. levator mandibulae externus; lml, M. levator mandibulae longus; pq, 
palatoquadrate. scale bar 500µm 
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Fig. 8: Overview of the diversity of adrostral cartilages among anurans. Ventral view of the 
jaw region of selected anuran larvae. (A) Bombina orientalis shows a typical anuran 
condition of the jaw region consisting of paired infrarostral cartilages, a plate-like 
suprarostral cartilage and horizontally oriented Meckel´s cartilages. (B) In Pelobates fuscus 
(drawn after Nikitin 1986) two so-called adrostral cartilages can be observed lateral to the 
paired suprarostral cartilages. (C) Heliophryne orientalis possesses two additional cartilages 
in the lower jaw. The submeckelian cartilages lie beneath Meckel´s cartilages and the 
adrostral cartilages are situated lateral to the suprarostral cartilage. In Ly-294,002-treated 
Xenopus laevis larvae (D) the ectopic cartilages arise lateral to the palatoquadrate and are 
free from any muscle insertion or origination similar to P. fuscus and H. orientalis. 
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Discussion 
 
The present study combines a morphological and a genetical approach to investigate the 
sequence of cartilaginous head development in an important model organism and how 
changes in the gene expression during development can alter this sequence and generate 
morphological abnormalities in different amphibian species.  
 
Applied methods 
The morpholino technique was used to knockdown the expression of bapx1 in different 
amphibians. The sequences for the morpholinos were derived from the NK 3 homeobox 2 
mRNA from Xenopus tropicalis provided by NCBI (XM_002940741.4). The sequence from 
Xenopus tropicalis was used because the available sequence from Xenopus laevis contained 
no information about the untranslated region upstream from the start codon, which is 
necessary for proper morpholino design. Two morpholinos were designed based on this 
sequence and initially tested in different concentrations in Xenopus laevis larvae. For each 
morpholino and each concentration thirty eggs were injected at the one-cell stage. This was 
performed three times for each morpholino and each concentration. Afterwards the two 
morpholinos were injected together in relatively lower concentrations into thirty eggs for 
three times at the one-cell stage. The whole procedure was repeated in the same way but 
instead of injecting at the one-cell stage, the morpholinos were injected into one cell at the 
two-cell stage. Two morpholinos were used because morpholinos often cause off-target 
effects. When the use of two morpholinos leads to the same morphological abnormalities, 
these abnormalities are based on the specific knockdown of the specific gene and not the 
result of off-target effects. The two morpholinos were injected together at lower 
concentrations to further confirm the specificity because the same abnormalities should arise 
after this combinatorial injection as in the respective single injection. The injections were 
repeated three times with thirty eggs from in each time different mating pairs to avoid 
observing clutch specific abnormalities. The injection of morpholinos into one cell at the 
two-cell stage was performed as an inner control because morpholinos can not permeate the 
cell membrane and therefore one half of the specimen contains the injected morpholino and 
one half of the specimen does not. Whether a knockdown of the bapx1 expression was 
initiated by the morpholino injected was tested through in situ hybridisation. Before the 
morpholinos were used in Bombina orientalis and Ambystoma mexicanum PCR was 
performed to test if the sequence where the morpholinos bind are present in the two taxa. 
The same primers as for the amplification of bapx1 in Xenopus laevis were used and the 
PCR product was tested through gel electrophoresis and sequencing. After positive results 
the morpholino with less mortality rate and higher phenotype occurrence was tested in the 
same way in Bombina orientalis and Ambystoma mexicanum as described for Xenopus 
laevis. The whole procedure confirmed the specificity of the morpholinos used. Therefore, 
the obtained results are based on the knockdown of bapx1.  
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LY-294,002 is a known enhancer of bapx1 expression (Vlahos et al. 1994; Kim et al. 2015). 
Because it had not been used in Xenopus laevis before, extensive tests were needed to 
confirm its function in Xenopus laevis. In its crystallin condition LY-294,002 is not soluble 
in water. Initially it has to be dissolved in DMSO (dimethyl sulfoxide) before it can be 
dissolved in water. Groups of N=90 Xenopus laevis and Ambystoma mexicanum larvae were 
incubated at different concentrations of the LY-294,002 solution in different developmental 
stages to specify the function of bapx1 at each of these stages. To confirm that changes in 
the bapx1 expression are not based on other circumstances, additional Xenopus laevis and 
Ambystoma mexicanum larvae were raised in nutrient solution and in a DMSO solution. To 
specifically test the influence of LY-294,002 on mandibular arch development, LY-294,002 
was injected in the area of the mandibular neural crest segment antero-ventral to the eye in 
the late tailbud stage. The changes in the expression of bapx1 were confirmed using in situ 
hybridisation and quantitative PCR.  
Tissues were stained with different approaches to comprehensively confirm the observation. 
Serial sectioning was performed transversally and frontally. The sections were stained 
differently. Heidenhain´s Azan technique (Heidenhain 1915) and nuclear fast red staining 
(Anken & Kappel 1992) were used to combine the advantages and minimize the 
disadvantages of the two staining methods. For additional insight into the three-dimensional 
shape of specific structures, whole mount antibody staining with antibodies against muscle 
(12/101) and cartilage (II6B3-collagen II) with subsequent confocal laser scanning 
microscopy and three-dimensional reconstruction using Amira 6.0.1. and Autodesk Maya® 
2017 was performed. The combination of these methods enabled a comprehensive overview 
of the results and prevents misinterpretations of observations which were based on the 
individual drawback of a method. 
 
The skeletal development of Xenopus laevis larvae 
The first chapter describes the development of the cartilaginous head skeleton of Xenopus 
laevis tadpoles from the onset of chondrification until the formation of a premetamorphic 
head skeleton. Initially, this study was designed to reveal faults and inaccuracies in earlier 
studies of the larval head skeleton of Xenopus laevis and to fill the gaps within and between 
existing works because no investigation so far presents a continous description of the 
development of the larval head skeleton of Xenopus laevis. But as Xenopus laevis tadpoles 
are widely used in gain-of-function and loss-of-function experiments, as well as in 
toxicological studies which may alter the development in the larval head, a detailed reference 
is needed to identify morphological abnormalities or heterotopic shifts of the developmental 
sequence. Furthermore the overview of cartilage development was the baseline for further 
experimental studies. 
The main result of the first chapter is a comprehensive overview on the cartilaginous 
development of Xenopus laevis tadpoles which covers the Nieuwkoop and Faber stages (NF) 
37-46 and the Ziermann and Olsson (ZO) stages 6-20, respectively. This work fills an 
existing gap because from NF 46 and onwards the development of Xenopus laevis was 
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investigated extensively (Trueb & Hanken 1992), but earlier stages were only investigated 
fragmentarily. The present work revealed that the sequence in which anlagen as 
mesenchymal cell clusters, condensed precartilaginous cell clusters and the cartilage itself 
develop is not variable. Therefore, every developmental stage can be identified by its specific 
set of cartilages or cartilage precursors. Three incidents were identified which show variable 
timing. The fusion of the trabeculae cranii and the parachordal, the fusion of the commissura 
quadratocranialis anterior and the planum trabeculare anticum, and the fusion of the 
processus ascendens palatoquadrati and the subocular cartilage show variable timing. These 
fusion events may be altered by external factors such as differences in ingestion or 
behavioural differences between different tadpoles which results in different muscle activity. 
Muscles can build strong forces which influence skeletal development and thus influence 
the timing of the fusion of two skeletal elements.  
Despite the compilation of a comprehensive description of the cartilaginous larval head 
development of Xenopus laevis the present study revealed a major discrepancy. For 
evolutionary developmental biologists a staging table is an important tool to match a set of 
standardized morphological traits to a specific developmental stage. If such a staging table 
is used by different researches they can communicate effectively about their results in certain 
stages. For anurans there exists a general staging table which is meant to be used for all 
species. The so-called Gosner staging uses traits common to most larval anurans (Gosner 
1960). However, such a general and simplified staging table can not cover all the different 
species with its individual adaptations and different developmental modes equally. 
Therefore, staging tables exist which describe the development of species with a certain 
developmental mode (e.g. direct developing anurans), with a certain feeding mode (e.g. 
carnivorous anurans), which belong to a certain derived taxonomic unit or which are widely 
used in biological research. Xenopus laevis is such a widely used species which has its own 
staging table (Nieuwkoop & Faber 1994). The Nieuwkoop and Faber staging table for 
Xenopus laevis describes the development from the fertilized egg until the adult organism 
and is commonly used to define the developmental stages of Xenopus laevis tadpoles. The 
stages reach from stage 1 until stage 65. Every stage is defined through one or more external 
features e.g. the number of cells, appearance of the eyes, visibility of melanocytes and so on. 
The present study revealed, that the external features which are responsible for defining the 
respective stage do not correlate with the inner morphology during the stages of skeletal 
development. For instance, the Nieuwkoop-Faber stage 43 (NF 43) is defined as a stage 
where the ventral lateral line system becomes visible, the cement gland loses its pigment and 
the torsion of the intestine reaches 180°. Comparing the cartilaginous skeleton of several NF 
43 tadpoles one can notice big differences (Figure 5). One NF 43 tadpole can have 
chondrified cornua trabeculae, ceratobranchial II, III and IV, otic capsule and processus 
retroarticularis and processus ventrolateralis whereas in another NF 43 tadpole of the same 
structures are in a chondroblast state and only form condensed precartilaginous cell clusters. 
This observation may be the result of the lack of studies of intrastage variation in external 
morphology as stated by the authors of the widely used NF staging table (Nieuwkoop & 
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Faber 1994). Additionally, there are only small differences between single NF stages in 
external morphology but large differences in internal morphology. This further shows, that 
the NF staging table does not sufficiently reflect changes of the cartilaginous skeleton with 
its respective stages. Because each NF stage represents an amount of possible variations of 
the state of the cartilaginous skeleton a NF stage contains no information about the specific 
state of the cartilaginous skeleton at a defined stage.  
Therefore, the usage of an alternative staging table of Xenopus laevis for studies which focus 
on the skeletal development is recommended. The Ziermann and Olsson staging (ZO) is also 
based on external features to identify each stage, but it adds a specific configuaration of 
muscles to every stage (Ziermann & Olsson 2007). It ranges from stage 1 until stage 20 and 
covers the NF stages 32-46 and reduces the gaps between each stage by increasing the 
number of stages in this developmental range. The present study revealed, that muscle 
development is well correlated to skeletal development in the stages investigated. Whenever 
a specific set of muscles was present, the cartilaginous skeleton had a specific state. The 
respective state of the cartilaginous structures was added to each ZO stage and every ZO 
stage is now defined through a combinatorial set of muscles and cartilages. This should be 
helpful for further investigation which focus on the musculoskeletal system, because results 
will be more comparable when using this staging system. Nevertheless, NF staging remains 
a suitable staging system because the stage can be easily defined without harrming the 
organism. Therefore, it is useful for determination of the stage in the field or in the laboratory 
without the use of further equipment.  
Investigations on the early skeletal development of Xenopus laevis tadpoles are present in 
the literature but suffer from different staging methods, inaccuracies and different 
anatomical ontology. The present work follows the guideline of the Xenopus Anatomy 
Ontology to describe the different structures (Segerdell et al. 2013; Segerdell et al. 2008). 
Figure 5: Skeletal differences between two NF 43 tadpoles illustrating the discrepancy between the 
NF staging system and cartilaginous development. A Processus ventrolateralis posterior and 
ceratobranchial II are precartilaginous and resemble the condition of a ZO 12 whereas in B 
processus ventrolateralis posterior and ceratobranchial II are chondrified as in ZO 15. Scale bar 100 
µm. cbII, ceratobranchial II; mlab I – III, m. levatores arcuum branchialium I – III; pvlp, processus 
ventrolateralis posterior 
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Therefore the results are comprehensible and comparable. Unfortunately, the most reliable 
source for skull morphology, Gavin de Beer´s “The development of the vertebrate skull”, 
has several mistakes in the description of the larval head skeleton of Xenopus laevis because 
he adopted the work of Kotthaus (Kotthaus 1933). Kotthaus stated that the suprarostral plate 
is movable against the chondrocranium, which is not the case. The suprarostral plate is 
unified with the posterior planum trabeculare anticum. Furthermore, the lateral projection of 
this plate forms the tentacular cartilage, which is supported by the processus cornu quadratus 
lateralis that originates from the anterior surface of the palatoquadrate. Kotthaus instead 
stated that the tentacular cartilage originates from the anterior surface of the palatoquadrate 
and has no connection to the suprarostral plate (Figure 6). Further discrepancies were 
discussed by Paterson, which presented the most reliable source of early skeletal 
development of Xenopus laevis so far (Paterson 1939). In the work of Weisz a configuration 
of cartilaginous structures is shown, which was never observed in any specimen in the 
present work (Weisz 1945a). Based on the presence of the basicranial fenestra, the stage 
shown should be stage ZO 14. At this stage Meckel´s cartilage, all four ceratobranchials, the 
Figure 6: Selected inaccuracies in recent investigations on the larval skeleton of Xenopus laevis. 
Structures which differ from the findings in the present work are highlighted in yellow. Depictions 
were redrawn from A Kotthaus (1933), B and C Weisz (1945) and D Edgeworth (1930). 
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processus muscularis palatoquadrati and the subocular cartilage should be present, which is 
not the case in his depiction. Several authors oversee the presence of the infrarostral cartilage 
(Dreyer 1914; Edgeworth 1930; Weisz 1945a), a condition never seen in any of the 
investigated tadpoles in the present work. Additionally, a special emphasis was given to the 
presence of the commissura craniobranchialis I-III. These structures join the branchial basket 
to the crista parotica and is often overseen in skeletal descriptions. Most differences in earlier 
investigations may have been caused by the limitations of the methods available at the time. 
The thickness of histological slices and the use of the staining method can have a large 
influence on the interpretation of serial sections. Therefore different staining methods, 
different slice orientations and different techniques to visualise the cartilaginous skeleton 
were used in the present work. The results from all different approaches were then compared 
and unified to the present comprehensive overview of the cartilaginous development of 
Xenopus laevis. 
The development of the viscerocranial and neurocranial structures in Xenopus laevis does 
not follow the strict anterior-posterior pattern observed in other vertebrate taxa. In 
chondrychtyans, sturgeons and teleosts the head skeleton develops in an anterior-posterior 
direction (Gillis et al. 2012; Langille & Hall 1987; Warth et al. 2017). The first pharyngeal 
arch derived cartilages Meckel´s cartilage and palatoquadrate develop first, the second arch 
derived ceratohyal develops second and so on. Also for anurans a strict anterior posterior 
pattern has been reported in earlier studies (Gaupp 1906; Stöhr 1882). Xenopus laevis differs 
from this sequence as the ceratohyal, a cartilage derived from the second pharyngeal arch, is 
the first cartilage which chondrifies during development (Figure 7). The ceratohyal is a 
paired horizontally oriented cartilage, which is situated ventrally and reaches from one side 
of the tadpole to the other. Dorsal to this paired cartilage lies the buccal cavity. The lateral 
processes of each ceratohyal are connected through the m. interhyoideus. When this muscle 
contracts, the ceratohyals are bent along the longitudinal axis, the capacity of the buccal 
cavity diminishes and water flows out due to the overpressure. When this muscle relaxes the 
ceratohyals return in their initial position, the capacity of the buccal cavity extends and water 
flows back in due to the negative pressure in the cavity (McDiarmid & Altig 1999). This 
mechanism is important for breathing as well as for the ingestion of Xenopus laevis larvae. 
The tadpoles are filter feeders which need to enable a constant influx of water which contains 
detritus. This detritus is the main resource for the tadpoles. Therefore, the precocious 
development of the ceratohyals may be beneficial because it enables filter feeding at an 
earlier stage of development. Early ingestion accelerates growth, which is important for 
tadpoles because more developed tadpoles of the same species retard the development of the 
less developed tadpoles and these retarded tadpoles barely survive until metamorphosis. This 
phenomenon is known as the crowding effect (Gromko et al. 1973). The early acquisition of 
food through filter feeding and the prevention of the crowding effect may have been selective 
forces which lead to the precocious formation of the ceratohyal and therefore to the alteration 
of the ancestral anterior-posterior pattern in Xenopus laevis tadpoles. Furthermore, it is 
possible that the development of Meckel´s cartilage is delayed. Meckel´s cartilage in 
Xenopus laevis has no primordial stage where the cartilage is horizontally oriented and stout 
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as it is in other anuran tadpoles. Instead, Meckel´s cartilage skips this stage in Xenopus and 
initially develops as a elongated, sigmoidal rod which is diagonally oriented. This resembles 
the premetamorphic condition in other anuran tadpoles. Maybe this leads to a delayed 
development of Meckel´s cartilage. Anuran-specific novelties such as infrarostral and 
suprarostral cartilages deviate from the ancestral pattern, too. If Xenopus tadpoles followed 
the ancestral pattern the infrarostral cartilage should develop simultaneous with Meckel´s 
cartilage at ZO 11. Instead the infrarostral cartilage develops at the transition between ZO 
14 and ZO 15 when posterior elements such as the ceratobranchials and parachordals are 
present. The suprarostral plate is not chondrified until ZO 17 but according to the ancestral 
pattern it should be present at ZO 11. Additionally, the Xenopus-specific tentacular cartilage 
Figure 7: Development of the cartilaginous head skeleton of Xenopus laevis in relation to the 
respective Ziermann and Olsson stage. The image is colour coded and each colour represents a 
specific stage.  
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is one of the latest cartilages to develop (ZO 20). Obviously, the novelties mentioned 
changed the ancestral anterior-to-posterior pattern.  
Nevertheless, Xenopus laevis tadpoles also share similarities in the skeletal development 
with Rana temporaria, another anuran whose development of the cartilaginous skeleton was 
investigated (Stöhr 1882; Gaupp 1906). There are three cartilaginous structures which 
anchor the palatoquadrate to the neurocranium. These structures chondrify in a specific order 
in the investigated anurans. First, the commissura quadratocranialis chondrifies, second the 
processus ascendens, and third the larval otic processus. The trabeculae cranii develop in a 
strict anterior-posterior direction until they fuse to the parachordals. The otic capsules 
chondrify after the parachordals and the Ceratobranchials I – IV develop separately in an 
antero-posterior sequence and fuse first medially and second laterally in the same order. All 
shared similarities are remnants of the ancestral anterior-posterior pattern.  
If the delayed development of anuran- and Xenopus-specific cartilaginous structures is a 
consequence of the derived state of Xenopus or a general trend within anurans and which 
heterotopic event (accelerated ceratohyal development or delayed development of Meckel´s 
cartilage) caused this can not be answered with the present data. Further developmental 
studies of skeletal development in further anuran tadpoles are needed to specifically identify 
such heterochronic events. 
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In the second and third chapter the influence of the gene bapx1 on the development of several 
amphibian species was investigated. Functional experiments on the impact of bapx1 
expression during development were missing so far in this taxonomic group despite its 
phylogenetically important position. Through gain- and loss-of-function experiments and 
the resulting morphological abnormalities it was possible to define the role of bapx1 during 
amphibian development and infer its potential role during vertebrate evolution. 
 
The role of bapx1 in amphibian head development 
The temporal and spatial expression pattern of bapx1 in the head of  Xenopus laevis tadpoles 
has been investigated before (Newman et al. 1997; Square et al. 2015). The present work 
can confirm the observed expression domains. Before the onset of chondrification bapx1 is 
expressed in the ventral region of the first pharyngeal arch flanking the cement gland 
dorsolaterally and marking the precursors of the palatoquadrate and the proximal part of 
Meckel´s cartilage. Three stripes of expression domains which correspond to the endoderm 
of the pharyngeal pouches of the pharyngeal arches 3-5 are visible posterior to it. It is also 
expressed in the anterior gut mesoderm. During chondrification bapx1 is also expressed 
around the developing jaw joint. The expression in the posterior arches is diminished and 
bapx1 is further expressed in the anterior gut mesoderm. The expression in the mesoderm of 
the gut correlates with its ancient pregnathostome function of segmenting the developing 
gut. The expression of bapx1 within the intermediate region of the first pharyngeal arch 
instead is conserved among gnathostomes and correlates well with the emergence of the 
primary jaw joint because agnathans, which are the closest recent relatives of gnathostomes 
lack bapx1 expression in the first pharyngeal arch and also lack a jaw joint. 
The morpholino technique was used to knock down the expression of bapx1 in three different 
amphibian species. A knockdown of a certain gene often results in morphological 
abnormalities which can be analysed to infer the function of the specific gene which was 
knocked down. The knockdown of bapx1 with 30µM bapx-morpholino lead to the loss of 
the jaw joint in 47% of the treated Xenopus laevis larvae (Fig. 8 A, B). The bapx-morpholino 
was also tested in the basal anuran Bombina orientalis and in the urodele Ambystoma 
mexicanum and the respective tadpoles displayed the same joint loss which was observed in 
Xenopus laevis. Therefore, it can be inferred that the joint loss after bapx1 knockdown is 
neither the result of the derived state of Xenopus laevis nor an anuran-specific feature. The 
function of bapx1 as an intermediate first arch patterning gene is at least conserved among 
amphibians. Fortunately, the observed phenotypes are similar to the results of gene 
expression altering experiments in non-anuran gnathostomes. In bony fish and chicken the 
knockdown of bapx1 also led to the loss of the jaw joint (Wilson & Tucker 2004; Miller 
2003). Overexpression of barx1, the antagonist of bapx1 in the first pharyngeal arch, in 
zebrafish leads to similar joint loss as observed after bapx1 knockdown in the present study. 
Barx1 is able to enhance cartilage formation and repress joint development and 
overexpression of this gene leads to the expansion of its expression domain into the 
intermediate domain of the first pharyngeal arch in zebrafish (Nichols et al. 2013). It 
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supresses bapx1 expression and therefore prevents joint formation. The knockdown of bapx1 
in the present study may have caused a dorsal expansion of the barx1 domain because its 
repressor bapx1 was downregulated and this may have caused the observed joint loss. The 
absence of the joint after bapx1 knockdown may confirm the cartilage preventing function 
of bapx1. In mice the joint between malleus and incus, the homologous mammalian 
structures of Meckel´s cartilage and palatoquadrate, is not affected by the knockdown of 
bapx1 (Tucker 2004). This further indicates that downstream targets of bapx1 are responsible 
for proper joint induction. Through mammalian evolution bapx1 lost its ability to regulate 
gdf5 and gdf 6 which are essential for joint formation (Tucker 2004). Thus, the role of bapx1 
in the first pharyngeal arch is gnathostome specific and conserved among all non-
mammalian gnathostomes. 
After the knockdown of bapx1 expression and initial insights into its potential role during 
amphibian development the gene was overexpressed to further elucidate its function. Bapx1 
expression has been shown to be repressed by the activity of the Phosphatidylinositol 3-
kinase (PI3K) and its subunit Pik3ca (Kim et al. 2015; Zhang et al. 2017). Ly-294,002 (2-
(4-Morpholinyl)-8-phenyl-4H-1-benzopyran-4-one hydrochloride) is a specific inhibitor of 
PI3K and the suppression of PI3K causes raised bapx1 expression levels (Vlahos et al. 1994; 
Figure 8: Results from the bapx1 loss- and gain-of-function experiments. Xenopus laevis wildtype 
(left column) and morphants (right column) in lateral (top line) and dorsal view (bottom line). A 
The jaw joint (asterisk) is present in unperturbed tadpoles, B whereas it is missing in tadpoles after 
bapx1 knockdown. C The processus muscularis is a wide u-shaped part of the palatoquadrate in 
unperturbed tadpoles. D After bapx1 upregulation the process is clearly reduced and an ectopic 
cartilage is present laterally. cm, Meckel´s cartilage; ec, ectopic cartilage; pmpq, processus 
muscularis palatoquadrate; pq, palatoquadrate 
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Kim et al. 2015). Therefore, Xenopus laevis tadpoles were incubated from defined stages 
onwards in Ly-294,002 to test if bapx1 is overexpressed after the treatment and which effects 
occur after successful bapx1 overexpression. In-situ hybridisation and quantitative PCR 
confirm that bapx1 expression was raised more than fivefold after Ly-294,002 treatment. 
57% of the larvae treated with 20µM Ly-294,002 from the late tailbud stage onwards 
developed malformed first pharyngeal arch derivatives. In these larvae an ectopic cartilage 
occurs (Fig. 8 C, D), which has a rounded shape and is situated lateral to the palatoquadrate 
and the ceratohyal. This ectopic cartilage is bordered postero-dorsally by the palatoquadrate 
and antero-dorsally by Meckel´s cartilage and is separated from the two cartilages by a 
cavity-like gap. The treatment of Ambystoma mexicanum larvae with Ly-294,002 caused 
similar ectopic cartilage development and confirms the conserved role of bapx1 among 
amphibians. Bapx1 upregulation has a specific effect on the development of first pharyngeal 
arch derived cartilaginous elements because, similar to the knockdown experiments, no 
abnormalities in the posterior arch derived skeletal elements were observed. In both species 
tested, the ectopic cartilage appears lateral to the palatoquadrate and postero-lateral to 
Meckel´s cartilage. The chondrocytes which develop into this ectopic cartilage originate 
from the palatoquadrate and partly from Meckel´s cartilage and are covered in connective 
tissue. Therefore, the cartilage can not be considered as a de novo cartilage. The development 
of this ectopic cartilage may be driven by the cartilage preventing function of bapx1. 
Normally, bapx1 keeps the region between Meckel´s cartilage and the palatoquadrate 
chondrocyte-free but with elevated expression levels bapx1 function keeps additional 
regions chondrocyte-free. These additional chondrocyte-free regions separate developing 
chondrocytes from their primordial cartilage. The separated chondrocytes condense and 
develop into a new ectopic cartilage because chondrocytes without suitable genetic 
information tend to aggregate and form roundish or rod-shaped cartilages (Rose 2009). The 
results from the overexpression of bapx1 further confirm its cartilage preventing function. 
Additionally, it has been shown that the introduction of bapx1 into a new domain can cause 
the development of ectopic (“new”) cartilages.  
There are doubts as to whether bapx1 is a master regulator of joint development (Medeiros 
& Crump 2012). After bapx1 inactivation in chicken and zebrafish, the jaw joint failed to 
develop whereas in mice, where the former jaw-forming cartilages are part of the middle ear, 
a normal joint develops between Meckel´s cartilage and the palatoquadrate (Tucker 2004; 
Wilson & Tucker 2004; Miller 2003). Especially the results in mice challenge the role of 
bapx1 as master regulator of joint formation and suggest that downstream targets might be 
involved. The results of the present study confirm that bapx1 does not induce joint 
development. In Xenopus laevis Meckel´s cartilage and the palatoquadrate develop from two 
distinct condensations (Lukas & Olsson 2018), whereas in chicken the two cartilages arise 
from one condensation (Wilson & Tucker 2004). If bapx1 would be a master regulator of 
joint formation, the condensations of Meckel´s cartilage and the palatoquadrate should fuse 
during early development in Xenopus laevis tadpoles after bapx1 knockdown. Instead, the 
two cartilages initially differentiate and chondrify separately and a proper gap which is 
supposed to be the joint cavity between them is established. The fusion between the two 
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cartilages starts at ZO 14 when the joint forming processes, the processus retroarticularis of 
Meckel´s cartilage and processus articularis of the palatoquadrate, are chondrified. A small 
band of cells migrates into the joint cavity and connects the two processes. During further 
development these cells chondrify and form a ventral cartilaginous fusion between Meckel´s 
cartilage and the palatoquadrate. Normal function of bapx1 would prevent these cells from 
chondrifying which ensures the proper joint formation. This further confirms the cartilage 
preventing function of bapx1. Furthermore, this observation confirms that bapx1 is no master 
regulator of joint formation but rather a maintenance gene which keeps the joint cavity, 
which is induced and formed by other regulators, cartilage-free and ensures its proper 
function. 
The results from the gain- and loss of function experiments substantiate the cartilage-
preventing function of bapx1 assumed before. Bapx1 overexpression led to additional 
cartilage-free regions which are capable to partitioning novel cartilages, whereas bapx1 
knockdown led to the expansion of chondrocytes into the jaw joint which results in the fusion 
of Meckel´s cartilage and the palatoquadrate, and therefore to the loss of the jaw joint. 
Furthermore, the data presented convincingly shows that bapx1 function does not initiate 
joint formation. Instead proper bapx1 function is essential to prevent cells within the joint 
cavity from differentiate into chondrocytes and therefore ensures proper joint function. 
Despite expression in more posterior arches and in the developing anterior gut changes in 
the expression levels of bapx1 only affect first pharyngeal arch derived skeletal elements. 
The first pharyngeal arch is defined by the absence of Hox-transcripts. In the more 
pharyngeal arches the expression of Hox-transcripts may supress the abilities of bapx1 
displayed in the first pharyngeal arch. 
 
The potential role of bapx1 in the evolution of novelties 
The present work offers new pieces of evidence to understand vertebrate evolution because 
through the induced ontogenetic malformations it is possible to explain phylogenetic 
changes of several structures. The loss of bapx1 function in bony fish (Miller 2003), chicken 
(Wilson & Tucker 2004) and amphibians (present study) all led to the loss of the jaw joint 
through the fusion of Meckel´s cartilage and the palatoquadrate during early cartilaginous 
development. Agnathans, the closest relatives to gnathostomes, have an unjointed first 
pharyngeal arch which lacks any bapx1 expression (Cerny et al. 2010). The experimental 
reduction of bapx1 expression in zebrafish, chicken and at least in Xenopus caused the 
development of an unjointed first pharyngeal arch which is comparable to the agnathan 
condition. Therefore, the anomalies caused by the loss of bapx1 function can be interpreted 
as a first pharyngeal arch “primitivization” and the observed morphants all mirror the ancient 
condition of an unjointed first arch which must have been present in the last common 
ancestor of gnathostomes and agnathans (Fig. 9). In this ancestor a primordial patterning 
system must have been present which patterned the pharyngeal arches in anterior-posterior 
and dorsoventral direction. The rise of the gnathostomes might have begun when bapx1 
expression was heterotopically shifted into the first pharyngeal arch dorsoventral patterning 
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system. There the expression of bapx1 alters the ancestral first pharyngeal arch specific 
barx1 expression, which normally prevents joint formation. This co-option of bapx1 
expression refined the ventral first pharyngeal arch patterning system (Cerny et al. 2010) 
and led to a spatial prevention of chondrification within this arch. Combinatorial evolution 
of bapx1 regulators and effectors might have ensured that the cartilage free domain 
developed into a proper joint and therefore contributed to the evolution of the jaw joint. 
The configuration of the musculature after bapx1 knockdown provides further insight into 
what a jawless stem line gnathostome may have looked like. The muscles which open and 
close the jaw were not significantly perturbed by the bapx1 knockdown and retained their 
proper function. Morphants which lacked a jaw joint behaved normally and were able to 
open and close the jaw to breathe and ingest. Derivatives of the larval musculature 
responsible for proper jaw movement persist during metamorphosis and are part of the adult 
jaw musculature as well. The morphants which lack bapx1 expression in the first pharyngeal 
arch and therefore possess no jaw joint may be mirror images from extinct unknown stem 
line gnathostomes. Possibly, the feeding apparatus of such a hypothetical stem line 
gnathostome consisted of a continuous, cartilaginous first pharyngeal arch and a set of 
muscles which insert onto the jaw cartilages similar to the condition found in the bapx1 
downregulation morphants. Through the resilient and elastic traits of cartilaginous tissue the 
proper opening and closing of the jaw may have been ensured. At least filter feeding would 
have been possible with this jaw configuration and filter feeding is the predominant way of 
ingestion in tunicates and cephalochordates, the closest relatives of vertebrates. Therefore, 
the hypothesized stem line gnathostome would fill a gap between chordates and basal 
vertebrates. Furthermore, in this scenario the musculature could be refined over thousands 
of years to fit the requirements for proper jaw movement before a distinct joint appeared. 
Therefore, the evolution of the jaw would appear less saltatory and more continuous.  
The potential of bapx1 to prevent cartilage formation and subdivide existing cartilages 
during development was observed after bapx1 upregulation in Xenopus laevis and 
Ambystoma mexicanum. Bapx1 is able to divide a single cartilage into two cartilages where 
one keeps its former function whereas the other appears as novelty. Instead, the cartilage-
free domain which separates the two cartilage is the actual novelty (comparable to the third 
hypothesis from Svensson and Haas in Figure 1 C). This function may also have driven the 
evolution of additional cartilages in anurans. There exist several anurans which develop 
additional mandibular arch derived cartilages. For instance, Alytes obstetricans and 
Pelobates fusucs have an admandibular cartilage (named adrostral cartilage in Pelobates) 
which is a dorsoventral processing rod lateral to the intramandibular joint between Meckel´s 
cartilage and infrarostral cartilage (Haas 2003; Heatwole 2003). Heliophryne purcelli has 
even two additional cartilages in the lower jaw (van der Westhuizen 1961). One is the rod-
like adrostral cartilage lateral to the suprarostral cartilage and the other is a cuneiform 
cartilage ventral to Meckel´s cartilage which is named submeckelian cartilage. The location 
of these naturally developing additional cartilages and the fact that all of them are free from 
any muscle origination and insertion are two points which are similar to the morphants 
observed after bapx1 upregulation. The morphants developed laterally situated, muscle-free 
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and rod-like ectopic cartilages. These experimental similarities together with the ability of 
bapx1 to subdivide existing cartilages leads to the hypothesis that changes in the bapx1 
expression during anuran evolution may have driven the evolution of novel cartilages within 
the mandibular arch (Fig. 9). Another anuran-specific feature, the intramandibular joint 
which separates the infrarostral cartilage from Meckel´s cartilage, remains unperturbed after 
bapx1 knockdown and upregulation. Therefore, the present work provides no support that 
the evolution of this cartilage was caused by bapx1. It is rather considered that the gene zax 
which is a paralogue of bapx1 is involved in the development and evolution of the 
intramandibular joint (Svensson & Haas 2005). 
 
Figure 9: Summary of the results from the bapx1 expression experiments and their implications for the 
explanation of evolutionary events. In the top row a normal developed Xenopus laevis tadpole is depicted in 
lateral view (Meckel´s cartilage is coloured in blue). The middle row depicts the results from the bapx1 
expression experiments in Xenopus. A continuous first pharyngeal arch without jaw joint after bapx1 
knockdown resembles the ancient condition found in recent jawless vertebrates and may mirror the condition 
of a gnathostome ancestor (left column, bottom row). After bapx1 upregulation an ectopic cartilage develops 
in Xenopus laevis (coloured in red). This is similar to a condition found in several anuran tadpoles and clearly 
shows the evolutionary potential of bapx1 (right column, bottom row). Through further evolution it seems 
possible that additional cartilages arise in more anuran species because of raised bapx1 expression caused by 
mutation or extrinsic factors. 
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Conclusion  
The present work provides a comprehensive overview on the timing and sequence of the 
condensation and chondrogenesis of the larval head skeleton in Xenopus laevis from initial 
cartilaginous anlagen until a fully differentiated premetamorphic head skeleton. Obviously, 
anuran and pipoid-specific structures develop later and therefore deviate from the ancestral 
anterior-to-posterior sequence. Additionally, results from successful upregulation of bapx1 
in two amphibian species and from successful downregulation of bapx1 in three amphibian 
species were presented. The downregulation of bapx1 caused specific loss of the primary 
jaw joint, whereas upregulation of this gene led to the development of mandibular arch-
derived ectopic cartilages. These results revealed, that partitioning of existing cartilages can 
lead to the development of novel structures. Furthermore, the cartilage preventing function 
of bapx1 was confirmed through the observed morphological abnormalities after alteration 
of bapx1 expression. Additionally, it was shown that bapx1 is not able to induce joint 
development but is responsible for keeping the joint cavity cartilage-free. The unjointed 
mandibular arch after bapx1 knockdown mirrors features of a possible jawless gnathosthome 
ancestor and thus gives insight into how the integration of a new gene into a pre-existing 
gene regulatory network can lead to major morphological changes. This further substantiates 
the role of bapx1 in the evolution of the gnathostome jaw joint. The development of an 
ectopic cartilage after bapx1 upregulation may give a hint about the possible evolutionary 
origin of the anuran sub-meckelian and adrostral cartilages. Overexpression or heterotopic 
shifts of the bapx1 expression domain might have caused the evolution of these unique 
cartilages.  
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Summary 
 
The presence of novel traits and how they originate during evolution is a key question in 
biology. To address this question, the present study combines a morphological and a 
genetical approach to investigate the sequence of cartilaginous head development in an 
important model organism and how changes in the gene expression during development can 
alter this sequence and generate morphological abnormalities in different amphibian species. 
The present work wants to reveal how evolutionary novelties may have arose during 
evolution by taking the example of the primary jaw joint, the defining feature of 
gnathostomes. The obtained results provide new pieces of evidence to understand 
gnathostome evolution by interpreting ontogenetic malformations which are exemplary for 
phylogenetic changes of several structures 
The present dissertation is partitioned into five chapters. The first chapter provides a general 
introduction into the framework of the present work. It is followed by three chapters which 
cover different aspects of the introduced issues presented before. These three chapters are 
meant to be published in peer-reviewed journals and are in each case independent pieces of 
work. The last chapter discusses the results gained from the experiments and analyses done 
in the present work in the context of evolutionary novelties and the evolutionary origin of 
the primary jaw joint. 
Xenopus laevis is a widely used model organism in biological research. In chapter two a 
detailed description of the pattern and timing of early cartilage differentiation and 
development of the larval head of Xenopus laevis is provided. This description offers a 
powerful tool for developmental biologist which alter the skeletal development or which 
investigate the skeletal development in different taxa and it also fills a gap in the literature. 
It is meant to be an encouragement for researchers to investigate the skeletal development 
of further species to identify heterochronic effects and homologies between distant related 
taxa. The development of the cartilaginous structures in the larval head of Xenopus laevis 
does not follow the strict antero-posterior pattern observed in other vertebrate taxa. The 
ceratohyal develops before Meckel´s cartilage. The feeding through filtration may be the 
reason for this precocious development. The development of the anuran-specific infrarostral 
cartilage and of the Xenopus-specific tentacular cartilage is delayed. Whether the 
development of these specific cartilages is a consequence of the derived state of Xenopus 
laevis or a general trend within anurans remains unclear. To address these questions further 
developmental studies in further anuran species are needed. 
The general overview of the development of Xenopus laevis was the starting point for this 
work to interpret the following experimental results. In the second and third chapter the 
influence of the gene bapx1 on the development of several amphibian species was 
investigated. Functional experiments on the impact of bapx1 expression during development 
were missing so far in this taxonomic group despite its phylogenetically important position. 
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Through gain- and loss-of-function experiments and the resulting morphological 
abnormalities it was possible to define the role of bapx1 during amphibian development and 
infer its potential role during vertebrate evolution.  
Results from successful downregulation of bapx1 in three amphibian species were presented 
in chapter two. The downregulation of bapx1 caused specific loss of the primary jaw joint 
in Xenopus laevis, Bombina orientalis and Ambystoma mexicanum. Normal bapx1 
expression prevents existing cells in the joint cavity from differentiating into chondrocytes. 
Reduced expression of bapx1 instead promotes chondrification of these cells, which leads to 
the fusion of Meckel´s cartilage and the palatoquadrate. This unjointed mandibular arch 
mirrors features of a possible jawless gnathostome ancestor and thus gives insight into how 
the integration of a new gene into a pre-existing gene regulatory network can lead to major 
morphological changes. Bapx1 is not able to induce joint development in amphibians, but it 
is responsible for keeping the joint cavity free of chondrocytes and thus for maintaining the 
primary jaw joint. 
In chapter three the results from successful upregulation of bapx1 in Xenopus laevis and 
Ambystoma mexicanum were shown. The upregulation of bapx1 is correlated to the 
development of mandibular arch-derived ectopic cartilages. These results revealed, that 
partitioning of existing cartilages can lead to the development of novel structures. 
Furthermore, the joint inducing and cartilage preventing function of bapx1 was confirmed 
through the observed morphological abnormalities after alteration of bapx1 expression. This 
further substantiates the role of bapx1 in the evolution of the gnathostome primary jaw joint. 
Additionally, the development of an ectopic cartilage simultaneous to bapx1 upregulation 
may give a hint about the possible evolutionary origin of the anuran sub-meckelian and 
adrostral cartilages. Overexpression or heterotopic shifts of the bapx1 expression domain 
might have caused the evolution of these unique cartilages. 
It has been shown that the cartilaginous development of Xenopus laevis larvae does not 
follow the strict ancestral anterior-posterior pattern because the anuran-specific and 
Xenopus-specific features develop relatively late. Bapx1 was suggested to play an important 
role in both the development and the evolution of the primary jaw joint in earlier studies. 
The present thesis extends this concept. Bapx1 is not able to induce joint development 
because in the absence of bapx1 a proper joint develops initially. Without bapx1 expression 
the joint cavity is invaded by chondroblast which differentiates into chondrocytes and 
connects Meckel´s cartilage and the palatoquadrate. This cartilaginous connection of these 
two cartilages causes the joint loss. The unjointed mandibular arch possibly mirrors the 
ancient condition of a possible unknown gnathostome ancestor. The development of an 
ectopic cartilage after Ly-294,002 treatment may be linked to the evolution of additional 
larval anuran cartilages. Bapx1 is able to prevent cartilage formation and therefore its 
functioning can lead to the development of novel cartilages through separation of pre-
existing cartilages. 
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Zusammenfassung 
 
Wie evolutionäre Neuheiten im Verlauf der Evolution entstehen ist eine bedeutende Frage, 
die schon Generationen von Biologen beschäftigt hat. Um diese Frage näher zu beleuchten 
kombiniert die vorliegende Arbeit morphologische und genetische Ansätze. Einerseits wird 
die Sequenz der Knorpelentwicklung im larvalen Kopf von Xenopus laevis, einem wichtigen 
Modelorganismus, untersucht und andererseits wie Veränderungen der Genexpression 
während der Entwicklung diese Sequenz verändern und morphologische Anomalien in 
verschiedenen Amphibienarten entstehen können. Am Beispiel des primären Kiefergelenks 
der Gnathostomata wird dabei eingehend erläutert, wie evolutionäre Neuerungen entstanden 
sein könnten. Die Ergebnisse der Arbeit liefern neue Beweise für das Verständnis der 
Evolution der Gnathostomata Die Interpretation ontogenetischer Fehlbildungen gibt dabei 
Aufschluss über die phylogenetischen Veränderungen einzelner Strukturen. 
Die vorliegende Dissertationsschrift besteht aus fünf Kapiteln. Im ersten Kapitel wird die 
Arbeit im gesamtwissenschaftlichen Kontext vorgestellt und eingeleitet. In den drei 
folgenden Kapiteln werden die in der Einleitung aufgeworfenen Fragen durch verschiedene 
experimentelle Ansätze untersucht. Diese drei Kapitel werden oder wurden in 
Fachzeitschriften veröffentlicht und sind jeweils eigenständige Arbeiten. Im letzten Kapitel 
werden die Ergebnisse der vorliegenden Arbeiten im Kontext der evolutionären Neuheiten 
und des evolutionären Ursprungs des primären Kiefergelenks diskutiert und ausgewertet. 
Xenopus laevis ist seit Langem ein beliebter Modellorganismus in der biologischen 
Forschung. In Kapitel zwei wird die Differenzierung und Entwicklung der Knorpel im Kopf 
von Xenopus laevis Kaulquappen übersichtlich beschrieben. Diese Beschreibung stellt eine 
grundlegende Übersicht für Entwicklungsbiologen dar, die die Skelettentwicklung 
experimentell verändern oder die Skelettentwicklung in verschiedenen Taxa untersuchen. 
Für den Vergleich ihrer Ergebnisse sind sie auf eine standardisierte Übersicht angewiesen. 
Außerdem wird durch diese Übersicht der Knorpelentwicklung eine bestehende Lücke in 
der Fachliteratur geschlossen. Die Entwicklung der knorpeligen Strukturen im Larvenkopf 
von Xenopus laevis folgt nicht dem strengen anterior-posterior Muster, das bei anderen 
Vertebraten beobachtet wurde. Die Ceratohyale z.B. entwickelt sich zeitlich vor dem 
Meckelschen Knorpel. Die filtrierende Lebensweise der Kaulquappen könnte der Grund für 
diese vorgezogene Entwicklung sein. Außerdem ist die Entwicklung des anuraspezifischen 
Infrarostralknorpels und des Xenopus-spezifischen Tentakelknorpels verzögert. Ob die 
Entwicklung dieser spezifischen Knorpel eine Folge des abgeleiteten Zustandes von 
Xenopus laevis oder ein allgemeiner Trend innerhalb der Froschlurche ist, kann mit den 
vorhandenen Daten nicht abschließend geklärt werden. Um diese und weitere Fragen zu 
beantworten, sind zusätzliche Entwicklungsstudien an anderen Froschlurchen notwendig. 
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Der allgemeine Überblick über die Entwicklung von Xenopus laevis stellt die Grundlage für 
die Interpretation der folgenden experimentellen Ergebnisse dar. Im zweiten und dritten 
Kapitel wurde der Einfluss des Gens bapx1 auf die Entwicklung mehrerer Amphibienarten 
näher untersucht. Trotz der phylogenetisch wichtigen Position der Amphibien fehlten bisher 
Untersuchungen zur Wirkung von bapx1 in dieser Tiergruppe. Infolge des Herauf- bzw. 
Herabsetzens der bapx1 Expression kam es während der Ontogenese zu morphologischen 
Abnormalitäten. Die Interpretation dieser Abnormalitäten gab Aufschluss über die mögliche 
Funktion von bapx1 während der Entwicklung von Amphibien. 
Im zweiten Kapitel werden die Ergebnisse des erfolgreichen Herabsetzens der bapx1 
expression in drei Amphibienarten (Xenopus laevis, Bombina orientalis und Ambystoma 
mexicanum) vorgestellt. In allen drei Arten führte das Herabsetzen der Expression zum 
Verlust des primären Kiefergelenks. Normalerweise verhindert die Expression von bapx1, 
dass die sich im Gelenkspalt befindliche Zellen zu Knorpelzellen differenzieren. In 
Abwesenheit von bapx1 differenzieren sich diese Zellen zu Knorpelvorläuferzellen und 
schließlich zu Knorpelzellen, wodurch der Meckelsche Knorpel und das Palatoquadratum 
miteinander verschmelzen und das primäre Kiefergelenk somit verschwindet. Dieser 
durchgehende Kiefer ohne Gelenk spiegelt womöglich die Eigenschaften eines bisher 
unbekannten Gnathostomata-Vorfahren wieder. Außerdem geben die Ergebnisse Aufschluss 
darüber, wie die Integration eines neuen Gens in ein bereits bestehendes genregulatorisches 
Netzwerk zu großen morphologischen Veränderungen führen kann. Es konnte außerdem 
gezeigt werden, dass bapx1 nicht in der Lage ist die Gelenkentwicklung bei Amphibien zu 
induzieren. Allerdings ist es dafür verantwortlich, den Gelenkspalt knorpelfrei zu halten und 
somit das Bestehen des primären Kiefergelenks zu sichern. 
Im dritten Kapitel wird das erfolgreiche Heraufsetzen der bapx1 Expression in Xenopus 
laevis und Ambystoma mexicanum und die Auswirkung auf die Morphologie beschrieben. 
Die Überexpression von bapx1 führte zur Entwicklung von ektopischen Knorpeln. Diese 
Ergebnisse legen nahe, dass die Unterteilung von bestehenden Knorpel durch die 
Expressionsveränderung von bestimmten Regulatoren zur Entwicklung neuer Strukturen 
führen kann. Darüber hinaus konnte bestätigt werden, dass bapx1 die Entwicklung von 
Knorpeln regional unterdrücken kann. Dies bestätigt die in Kapitel zwei gemachte Aussage, 
dass bapx1 an der Entwicklung und Evolution des primären Kiefergelenks beteiligt gewesen 
sein könnte. Außerdem weist das Vorhandensein der ektopischen Knorpel darauf hin, dass 
eine Expressionsveränderung von bapx1 während der Evolution der Froschlurche zur 
Entstehung zusätzlicher Knorpel im Bereich des larvalen Kiefers beigetragen haben könnte. 
Eine Überexpression oder eine räumliche Verschiebung der bapx1-Expressionsdomäne 
könnten der Evolution dieser einzigartigen Knorpel zugrunde liegen. 
Die vorliegende Dissertationsschrift konnte darlegen, dass die Entwicklung der Knorpel der 
Kaulquappen von Xenopus laevis nicht dem strengen und ursprünglichen anterior-posterior 
Muster folgt. Die spezifischen Merkmale der Froschlurche und von Xenopus laevis 
entwickeln sich erst relativ spät und durchbrechen damit das ursprüngliche Muster. In 
früheren Studien wurde bereits angenommen, dass bapx1 sowohl bei der Evolution als auch 
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bei der Entwicklung des primären Kiefergelenks eine wichtige Rolle spielt. Die vorliegende 
Arbeit kann diese Annahme entscheidend erweitern. Die Expression von bapx1 ist nicht in 
der Lage die Gelenkentwicklung zu induzieren, da sich in Abwesenheit von bapx1 zunächst 
ein Gelenk entwickelt. Ohne die Expression von bapx1 jedoch wird der Gelenkspalt durch 
Knorpelvorläuferzellen, die sich im weiteren Verlauf der Entwicklung zu Knorpelzellen 
differenzieren und dann den Meckelschen-Knorpel mit dem Palatoquadratum miteinander 
verbinden, verschlossen. Diese knorpelige Verbindung der beiden Knorpel verursacht 
schlussendlich den Verlust des Gelenks. Diese durchgehende Verbindung zwischen Unter- 
und Oberkiefer könnte ein Hinweis darauf sein, wie die Vorfahren der Gnathostomata 
ausgesehen haben könnten. Die Entwicklung der ektopischen Knorpel nach der 
Überexpression von bapx1 kann mit der Entwicklung zusätzlicher larvaler Knorpel bei 
einigen Froschlurchen in Verbindung gebracht werden. Die Fähigkeit von bapx1 
Knorpelbildung zu verhindern unterstütz die Annahme, dass evolutiv neue Knorpel durch 
die Unterteilung bereits bestehender Knorpel entstehen können. 
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